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In recent papers (1-5) methods for the assay of amino acids by bacteria 
have been presented. The microbiological assay of tryptophane in pro- 
teins involves special features, some of which have been described in a report 
(3) from this laboratory. Tryptophane must be made available to the test 
organism and the possibility that other substances in proteins may substi- 
tute for tryptophane must be excluded. Hydrolysis by mineral acids, which 
accomplishes the first objective for most amino acids, destroys tryptophane. 
This fact made it necessary to resort to enzymatic or alkaline hydrolysis for 
the preparation of test samples. Lactobacillus arabinosus 17-5 was found to 
exhibit a sensitive and reproducible response to /-tryptophane. In a study 
(3) of the specificity of this response, it was found that d-tryptophane, 
skatole, indole-3-acetic acid, 8-(indole-3)-propionic acid, y-(indole-3)-n- 
butyric acid, tryptamine hydrochloride, and kynurenic acid were inactive.’ 
Indole and anthranilic acid, which were shown to be active (6, 3), could be 
separated from tryptophane by extraction with ether. These principles 
have been utilized in developing a microbiological assay procedure which 
appears to be reliable for the determination of tryptophane in proteins and 
foods. 

EXPERIMENTAL 


Organism—In the management of stock cultures of Lactobacillus arabino- 
sus 17-5,’ the accepted procedures of Snell and Wright (7) are followed. 
For the production of inoculum, the basal medium plus 0.5 mg. of l-trypto- 
phane for 10 ce. is used. 

Basal Medium—The composition of the basal medium (Table I) for 
tryptophane assay differs essentially from that employed in the Snell and 
Wright niacin assay method (7) only in the omission of tryptophane and the 
inclusion of niacin. For the preparation of the hydrolyzed casein supple- 
ment, 200 gm. of casein (vitamin-free, Smaco) are hydrolyzed with 1000 ce. 
of 20 per cent hydrochloric acid by boiling under a reflux for 8 hours. After 


1 Kynurenine sulfate also has been found to be inactive at a level of 100 y. The 
authors are indebted to Dr. R. W. Jackson, Eastern Regional Research Laboratory, 
United States Department of Agriculture, for this substance. 

* The original culture was secured from the American Type Culture Collection, 
School of Medicine, Georgetown University, Washington, D. C. 
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distillation in vacuo until a thick syrup remains, 750 cc. of water are added 
and the distillation is repeated. The residue is dissolved in water and the 
solution is adjusted with sodium hydroxide to pH 3 and diluted to 2000 ce. 
The solution is stirred with 40 gm. of norit A at 50—60° for 1 hour and fil- 
tered. The filtrate is adjusted to pH 6.8 with sodium hydroxide. The 
volume is readjusted to 2000 cc. and the solution is kept under toluene. 


TABLE | 


Composition of Tryptophane-Free Basal Medium 


per cent 
Charcoal-treated hydrolyzed casein 0.5 
Cystine 0.01 
Glucose 1.0 
Sodium acetate 0.6 
mg. per cent 
Adenine sulfate ‘ 1.0 
Guanine hydrochloride 1.0 
Uracil 1.0 
Thiamine hydrochloride 0.02 
Niacin 0.02 
Pyridoxine hydrochloride 0.02 
p-Aminobenzoic acid 0.02 
Calcium pantothenate 0.02 
Riboflavin 0.02 
0.00004 


Biotin 

Inorganic salt Solutions A and B,* 0.05 cc. each per 10 cc. medium 
* Solution A, KH,PO, 25 gm., K,HPO, 25 gm., water to make 250 cc.; Solution B, 

MgS0O,-7H.O 10 gm., NaCl 0.5 gm., FeSO,-7H,O 0.5 gm., MnSO,-4H,0 0.5 gm., 


water to make 250 cc. 
Treatment of Samples 


The test materials embraced in this study include samples of several 
purified seed globulins,’ other proteins of grades available at technical or 
commercial supply houses, and various animal or plant products from local 
markets. Dry materials are finely ground; fresh tissues are first dried at 
100-105° sufficiently for grinding, or are homogenized directly with a War- 
ing blendor. 

Pancreatic Digestion—With dry proteins, 0.1 gm. is made up to a 0.1 per 
cent solution or suspension at pH 8.2 and 5 mg. of pancreatin (Pfanstiehl, 
1:110) are added; with wet or protein-low samples, the above concentrations 
of protein and pancreatin are approximately maintained. The mixture is 
incubated at 37° for 24 hours. In some cases preliminary treatment of 


* The samples of seed globulins (8) were obtained from Dr. E. L. Smith, Biological 
Laboratories, E. R. Squibb and Sons. 
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samples by (a) digestion with 1 per cent of pepsin (Pfanstiehl, 1: 10,000) at 
pH 2 for 5 to 8 hours or (6) autoclaving a suspension of the sample in water 
for 0.5 hour at 15 pounds pressure improved pancreatic digestion. In any 
case the pancreatic digest is adjusted to pH 4 and extracted successively 
with two 100 cc. portions of ethyl ether followed by 30 ce. of toluene. The 
resulting solution is adjusted to pH 6.8 for assay. A blank tryptophane 
value for the pancreatin is obtained by autolysis and assay under the same 
conditions. 

Barium Hydroxide Digestion—The method of barium hydroxide digestion 
reported previously (3) for the liberation of tryptophane from casein was 


TABLE II 
Recovery* of l-Tryptophane after Barium Hydroxide Digestion 
Material l-Tryptophane 6 hes. 10 hrs. 
assayed added =e " en a Vs eensne 
Found Recovery Found Recovery 
7 per cent per cent per cent per cent ce per cont 
Controlt 97 93 
Casein 0.00 1.07 93 1.02 94 
1.00 2.00 1.96 
Beef 0.00 1.15 1.09 
1.00 2.21 106 2.13 104 
Peas 0.00 0.17 0.18 
1.00 1.24 107 1,22 104 
Corn 0.00 0.066 | | 0.069 
1.00 1.17 110 1.09 102 


* All recovery values were obtained by multiplication of direct assay values by 2 
to correct for racemization. Results are expressed in terms of air-dried materials as 
assayed, as in Tables III and IV. 

+ Pure l-tryptophane. 


studied by recovery experiments with pure tryptophane and protein mate- 
rials plus tryptophane. It was found that recoveries of tryptophane were 
approximately constant when the samples were autoclaved with 5 N barium 
hydroxide for 6 to 10 or even 15 hours. When multiplied by 2 to correct 
for racemization, the results (Table II) indicated quantitative recovery of 
tryptophane. Results obtained after 4 hours digestion with barium hy- 
droxide indicated incomplete racemization of tryptophane. On the basis 
of these experiments the following procedure was adopted for the prepara- 
tion of samples: 0.5 gm. of powdered sample is mixed with 4.2 gm. of anhy- 
drous barium hydroxide and 8 cc. of water in a 25 cc. Pyrex Erlenmeyer 
flask and autoclaved for 7 hours at 15 pounds pressure. The hydrolysate 
is transferred with the aid of hot water and a rubber policeman to a 250 cc. 
centrifuge bottle, and 10 Nn sulfuric acid is added until pH 4 is reached. The 
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mixture is then diluted to 101.5 cc. (the barium sulfate occupies a volume of 
1.5 ec.), mixed thoroughly at 50-60°, covered, and centrifuged. The 
separated liquid is cooled and extracted successively with two 100 ce. por- 
tions of ethyl ether followed by 30 ce. of toluene. The resulting solution is 
adjusted to pH 6.8 for assay. 


Assay Procedure 


The response of Lactobacillus arabinosus to |-tryptophane (Fig. 1) shows 
a rise in production of 0.1 n acid from a negative control of about 0.3 ce. to 
over 9 cc. in the presence of 20 y of tryptophane. In obtaining a standard 
curve for assay, /-tryptophane (Merck) is used at levels of 0, 2, 4, 6, 8, 10, 
and 12 y per assay tube. Dilutions are prepared as desired from a stock 
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Ita. 1. Response of Lactobacillus arabinosus to l-tryptophane 


solution containing | mg. per cc., which is kept cold under toluene and re- 
newed at 2 week intervals. 

It has been the general practice to prepare the basal medium at twice the 
concentrations shown in Table I, allowing for additions of standard and 
sample solutions before dilution of the contents of each tube to 10 ce. for 
assay. In the assay of materials fairly rich in tryptophane a more conveni- 
ent procedure may be followed. The basal medium is made directly to full 
volume and is distributed into test-tubes in 10 cc. portions. Suitable 
amounts of standard and sample solutions, not exceeding 0.6 cc. per tube, 
are then added. The autoclaving, inoculation, incubation at 37° for 72 
hours, and measurement of response by titration follow recognized pro- 
cedures (7). 

Assay Results 


When pancreatin is used for the preparation of samples, direct assay 
results require correction for the tryptophane content of the pancreatin, 
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while results based on barium hydroxide treatment are multiplied by 2 to 
correct for racemization. The data presented (Tables II to IV) as evidence 
of the reliability of this assay method are based on the use of barium hy- 
droxide, since it appears to. be more satisfactory for the preparation of 
materials for assay. 

The results in Table II have been cited as evidence of the quantitative 
recovery of tryptophane added to natural products. When assay results 


Tasp III 


Tryptophane Content of Materials Calculated from Different Assay Levels 
Direct assay results after barium hydroxide digestion were multiplied by 2. 





Linseed meal 





Lamb muscle 














Lima beans 
Amount Tryptophane Amount Tryptophane Amount Tryptophane 
per assay per assay per assay =< oe: 
tube Found | Content | tube | Found | Content tube Found Content 
me Y per cent mg Y per cent me 7 per cent 
| 
1.8 2.2 0.24 0.9 2.95 | 0.65 0.5 | 2.9 1.16 
3.6 1.1 | 0.28 1.8 5.5 0.61 10 | 5.8 1.16 
5.4 6.8 0.25 2.7 8.1 0.60 1.5 | 7.85 1.05 
| 
Average 0.24 0.62 1.12 
TaBLe IV 


Reproducibility of Assays 


Direct assay results after barium hydroxide digestion were multiplied by 2. 


Tryptophane content 




















Materia! | ne ie et im ‘ ielied ee 

Assay 1 Assay 2 Assay 3 Average 

i per cent aur cent per cent per cent 
Soy bean protein. ....... 1.02 0.96 0.98 0.99 
Ls ¢-0.000346 i goeete 0.62 0.56 0.58 0.59 
Whole milk powder...... 0.32 0.30 0.31 0.31 
Lactalbumin............ 1.57 1.62 1.59 1.59 
eer ee 21 0.20 0.20 


0.20 0. 





are calculated from different sample levels (Table III), there is excellent 
agreement and no significant drift with increase in the size of the sample. 
In repetition (Table IV) of assays of a given sample the replicability of re- 
sults is satisfactory. Table V contains microbiological assay results for 
tryptophane and also nitrogen contents, calculated on a moisture-free basis, 
of a number of proteins and foods of various types. Assay results based on 
barium hydroxide digestion are compared in many cases with data based on 
pancreatic digestion. 
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TaBLe V 
Microbiological Values for Tryptophane in Proteins and Foods 
The samples were digested with pancreatin or barium hydroxide for tryptophane 
assay. 
| Tryptophane,* Tryptophane, based on 16.0 per 
actua | cent N 
Material Nitro- | Bar- Bar- ~— 
gen Sa | ium Pio. _ - . No. 
| | creatin | drox- lcreatin dro- aterature 
| | | ide xide 
| 2m, | percent | es | 5, | By | er 
Casein A | 14.55] 1.06 {1.09 | 1.17) 1.20) 
« 3B | 14.18) 1.07 [1.10 | 1.21) 1.24]! 
C 14.76; 1.10 (1.09 | 1.19) 1.18) 71.21, 1.22, 1.3 | 9, 10, 11 
D | 14.78] 1.09 [1.11 | 1.18] 1.20)| | 
E 15.07| 1.13 | 1.20 
Soy bean Protein A... | 16.16) 1.05 (1.05 | 1.04) 1.04 
= oi | 15.68 1.17 1.19) 1.5 12 
= we = 15.35 1.09 1.14 
Lactalbumin 13.14 1.69 2.06) 2.35,2.14 11,13 
Ovalbumin 12.84) 1.17] |1.18 | 1.46) 1.47; 1.35, 1.26, 1.6 | 14, 15, 11 
Seed globulin, Squash 
, ae ..| 18.40) 1.68 [1.74 | 1.46) 1.51) 1.46 8 
Seed globulin, Squash | 
B | 18.20] 1.65 (1.78 | 1.44) 1.56 
Seed globulin, cucum- 
ber 17.87; 1.67 (1.94 | 1.50) 1.74 1.49 8 
Seed globulin, water 
melon 18.36 1.79 (1.87 | 1.56) 1.63) 1.54 ~ 
Seed globulin, tobac- 
co 19.09, 1.30 1.49 | 1.09) 1.25) 1.21 8 
Gliadin 16.74, 0.51 (0.62 | 0.49 0.59 
Zein A . 14.90 0.03§ 0.09 | 0.03) 0.10 
~~ 15.08 0.08 0.09 
Gelatin 17.56 0.003 
Peptone (Bacto) 15.79; 0.22 (0.30 | 0.22) 0.30 
Beef round 13.41) 0.82)| |1.18 | 0.99 1.41) 1.35 16 
Pork loin 12.60) 0.70), (1.08 0.89) 1.37) 1.31 16 
Lamb ‘ 12.48) 0.71} |1.11 | 0.91) 1.42) 1.44 16 
Beef pancreas 11.12) 0.34!) |0.53 | 0.49) 0.76) 1.3 11 
Dried liver 10.12; 0.61 (1.02 | 0.96 1.62 1.55 16 
Whole wheat 2.91| 0.09 (0.21 0.50) 1.16) 0.41-0.55, 0.84, 17, 12 
White flour 1.82 0.14 1.23) 0.84 12 
Yellow corn 1.42) 0.06 (0.074 0.68 0.84 0.7 12 
Rolled oats 2.45) 0.15 (0.22 | 0.98 1.44 
Polished rice 1.28 0.09 1.13) 1.04 18 
Peas 3.62 0.18 0.80 
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TaBLE V—Concluded 





























Tryptophane,* Tryptophane, based on 16.0 per 
actua cent N 
a Bibli : 
Material N itro- Bar- Bar- po 
a Pan- ium Pan- ium : No. 
| creatin a. creatin P 2 Literaturet 
ide ide 
ie | aes — 
ja | Per cont poh pw pa per cent 
Navy beans 3.63 | 0.24 1.06 
oS 3.66 0.26 1.14 
Soy flour, fat-free 9.43 | 0.49 0.70 | 0.83) 1.19) 1.5 12 
< *  Tow-fat 8.59 | 0.41 |0.66 | 0.76) 1.23 
Dried milk 3.91 0.32 1.31} 1.32, 1.6 16, 12 
‘* yeast | 7.40 | 0.38 (0.61 | 0.82} 1.32) 1.4 12 
Linseed meal.. | 6.46 0.64 1.59 














* Nitrogen and tryptophane are calculated on a moisture-free basis. Moisture 
was determined by drying to constant weight at 110°. 

t Tryptophane values on the basis of 16.0 per cent nitrogen are cited directly from 
the literature or recalculated from the reported nitrogen content. 

t Pancreatic digestion was preceded by autoclaving for 0.5 hour. 

§ The sample was digested with 2 per cent of pancreatin. 

|| The sample was autoclaved for 0.5 hour, digested with pepsin for 8 hours, and 


then with pancreatin. 


DISCUSSION 


In the search for a reliable method for making tryptophane available to 
Lactobacillus arabinosus, a study of enzymes, especially pancreatin, was 
made. However, it appeared that the conditions for complete liberation of 
tryptophane by enzymes varied with the substrate, as noted by Mitchell 
and Hamilton (19). Furthermore, the pancreatin preparations contained 
1 to 1.5 per cent of tryptophane, which introduced a considerable correction 
factor. On the other hand, barium hydroxide produced complete hydroly- 
sis without significant destruction. Complete racemization took place 
under the experimental conditions, so that the observed values were multi- 
plied by 2. The data in Table V show the superiority of the barium hydrox- 
ide hydrolysis. In general, the results agree with those reported in the 
more recent literature, when compared on a common basis. For purposes 
of comparison, there are included in Table V the results of this study and 
values from the literature, which have been calculated on the basis of a 
nitrogen content of 16 per cent. In some cases in which such values were 
not reported, it was necessary to calculate the figures from reported nitrogen 
contents. 








s TRYPTOPHANE ASSAY 
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to thank Dr. B. F. Chow and Dr. E. L. Smith for their assistance. 


SUMMARY 


Previous studies of the tryptophane requirement of Lactobacillus arabino- 
sus 17-5 are extended and applied to the microbiological determination of 
tryptophane in various materials. A comparison of barium hydroxide and 
pancreatin for the hydrolysis of proteins indicates that the former is more 
generally applicable to the preparation of samples. The method satisfies 
customary criteria of reliability with respect to recovery of tryptophane 
and concordance of results calculated from different sample levels and in 
independent assays. The results are in general agreement with many val- 
ues obtained by chemical methods which are found in the literature. 
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A REPORTED GROWTH STIMULANT FOR 
LACTOBACILLUS CASEI . 


By EDITH JU-HWA CHU* ann ROGER J. WILLIAMS 


(From the University of Texas, Biochemical Institute, and the Clayton Foundation for 
Research, Austin) 


(Received for publication, May 15, 1944) 


Pollack and Lindner (1) have reported the existence in natural extracts, 
particularly in Wilson’s peptone, of a growth stimulant of unknown nature 
which is effective for Lactobacillus caset. 

In the course of following up this work it was found possible to improve 
the basal medium used, by the addition of a mixture of known compounds. 
When, for example, a modified basal medium containing 1.2 mg. of pyri- 
doxine, 0.4 mg. of p-aminobenzoic acid, and 0.2 gm. of asparagine per liter 
was used, the addition of Wilson’s peptone was found not to have a stimu- 
lating effect. 

The three additions mentioned were essential for a maximum response; 
the addition of p-aminobenzoic acid alone had an inhibitory effect. The 
increased concentration of pyridoxine was beneficial because “pseudopyri- 
doxine” is the substance utilized by Lactobacillus casei (2), and it is not 
formed in optimal amounts unless the pyridoxine concentration in the 
medium is relatively high. The amount of asparagine used was relatively 
high and its effect when used alone was sufficiently small to justify the 
negative result reported by Pollack and Lindner. 

Subsequent to these preliminary experiments an attempt was made to 
prepare a mixture containing glutamine (which was found by Pollack and 
Lindner to be 5 to 10 times as potent as Wilson’s peptone), p-aminobenzoic 
acid, and “pyridoxal” (3) which would, when added to Pollack and Lind- 
ner’s basal medium in low concentrations, simulate or reproduce the effect 
of adding Wilson’s peptone. The extent to which this was successful is 
indicated in Table I. The mixture contained 25.6 parts of glutamine to 
0.001 part of p-aminobenzoic acid, and 0.02 part of pyridoxal, and the 
tests were carried out in accordance with the procedure of Pollack and 
Lindner except that the test media were steamed instead of autoclaved 
before inoculation. 

Separate tests not reported in detail showed that the mixture mentioned 
above was from 40 to 102 times as potent on a weight basis as Wilson’s 
peptone. Since the growth-stimulating effect of the mixture is substan- 


* On sabbatical leave from the National Southwest Associated University, Kun- 


ming, Yunnan, China. 
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tially equivalent to that of the peptone, regardless of the manner of testing, 
it appears that the magnitude of the effect of the peptone might be ex- 
plained if it contained from 1 to 2 per cent glutamine and small amounts 
of p-aminobenzoic acid and pyridoxal. However, Pollack and Lindner 
have indicated that glutamine is more readily hydrolyzed than the “‘pep- 
tone factor.”” This would seem to rule out glutamine as an active agent 
unless the possibility of its being protected from hydrolysis by combination 
or admixture with peptone constituents were considered seriously. The 


TABLE I 


Comparative Effects of Peptone and a Known Mixture 


Amount of peptone in test Amount of mixture in test Turbidity (galvanometer divisions) 
Y Y 

0 0 16.5 
100 0 63 
250 | 0 65 
375 0 | 68.5 
500 0 66 

0 } 0 16.5 

0 2.56 | 56 

0 17.9 59.5 

0 25.6 | 62 

0 51.2 67 
500 0 66 
500 | 2.56 | 64 
500 | 5.12 75.5 
500 7.7 72.5 
500 | 12.8 75.5 

0 25.6 62 
125 25.6 70 
250 | 25.6 72 
375 25.6 75 


fact that asparagine in sufficient quantities can take the place of glutamine, 
and the observation of Pollack and Lindner that a mixture of amino acids 
was alone stimulative, suggest that the physiological activity of the pep- 
tone is probably due to its content of p-aminobenzoic acid, material with 
vitamin B, activity, and various amino acids and peptides rather than to 
the presence of a single unknown “‘peptone factor” as postulated as a result 
of the previous investigation. Because of this probability and the diffi- 
culty of establishing a satisfactory test for any postulated unknown 
substance, attempts at isolation will not be carried forward. 


SUMMARY 


Evidence is presented which leads to the conclusion that the effect of 
Wilson’s peptone in stimulating the growth of Lactobacillus casei observed 
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by Pollack and Lindner is probably due to its content of p-aminobenzoic 
acid, material with vitamin Bg activity, and various amino acids and pep- 
tides rather than to the presence of a single ‘peptone factor.” 
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THE DETERMINATION OF CHOLINE IN PHOSPHOLIPIDS 


By C. ENTENMAN, ALVIN TAUROG, anpv I. L. CHAIKOFF 
(From the Division of Physiology, University of California Medical School, Berkeley) 


(Received for publication, May 23, 1944) 


The use of reineckate as a precipitating agent in the determination of 
choline was introduced by Kapfhammer and Bischoff (1). This precipita- 
tion was later adapted by Beattie to the colorimetric determination of micro 
quantities of choline (2). Beattie used a saturated solution of ammonium 
reineckate in water for the precipitation of choline and stated that the pre- 
cipitation of choline at temperatures as high as 60° is complete in 10 minutes. 
In order to increase the concentration of reineckate in the precipitating 
medium, Jacobi et al. (3) modified Beattie’s precipitation procedure by using 
a 2 per cent solution of ammonium reineckate in methanol; at the same time 
the mixture is allowed to stand in the cold for 12 hours to insure complete 
precipitation. 

In connection with a method for the separation of choline-containing from 
non-choline-containing phospholipids, to be reported in the following paper, 
a modification was developed for measuring choline accurately and rapidly. 
It is shown here that the increased solubility of ammonium reineckate in 
1.2 n hydrochloric acid makes possible the use of more concentrated solu- 
tions of reineckate and still permits complete precipitation of choline 
within 30 minutes at room temperature. 


Procedure 


Extraction of Tissues—Tissues are usually extracted with aleohol and 
ether, the alcohol-ether extracts concentrated to a low volume under re- 
duced pressure in an atmosphere of COs, and the lipids redissolved in petro- 
leum ether.' Portions of the petroleum ether extract are transferred to 
centrifuge tubes and concentrated to a low volume, and the phospholipids 
quantitatively precipitated with acetone and MgCl,. After centrifugation 
the precipitated phospholipids are redissolved in a mixture of methanol and 
ether and transferred to a specially designed flask* used for hydrolysis of 
phospholipids. 


1 It has been shown here that petroleum ether redissolves all of the phospholipids 
in the alecohol-ether concentrate obtained from liver, plasma, and kidney. The 
aqueous phase that remained after the extraction with petroleum ether was concen- 
trated to dryness under reduced pressure in an atmosphere of COQ:; a chloroform ex- 
tract prepared from the residue contained only traces of phosphorus. 

? The vessel consists of an Erlenmeyer flask (125 cc.) with a side arm of approxi- 
mately 2 ec. capacity. The side arm is made from 10 mm. glass tubing and is sealed 
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Hydrolysis of Phospholipid—The methanol-ether solution of phospholipid 
is evaporated to about 5 cc. 15 cc. of a saturated Ba(OH), solution are 
then added and the flask placed on a steam bath in direct contact with steam 
for about 2 hours and frequently shaken. When the mixture is brought 
almost to dryness (1 to 3 drops), it is acidified with 1.7 ec. of 6 N HCl and 
the mixture heated on the steam bath for a few moments with shaking to 
insure complete acidification. 15 cc. of petroleum ether are added to the 
flask. It is then heated on the steam bath and shaken well, and just as all 
bubbling ceases, the petroleum ether phase is poured off, while the aqueous 
phase is retained in the side arm. The aqueous phase is then extracted 
twice more in a similar manner with two separate 15 cc. portions of petro- 
leum ether. The petroleum ether serves to extract the fatty acids and is 
discarded. 

Precipitation of Choline in Centrifuge Tube—5 to 8 drops of distilled water 
are added to each flask and the flask warmed on the steam bath until all 
salts are dissolved. The warmed solution is transferred without loss to a 
15 ec. graduated Pyrex centrifuge tube. The flask is washed with two 2 
ec. portions of 1.2 n HCl and the washings transferred to the centrifuge tube. 
The final volume in the centrifuge tube amounts to 7 to 9 cc. 

The reineckate solution for the precipitation of choline is prepared just 
before use by dissolving 2 gm. of finely powdered ammonium reineckate 
(Hoffmann-La Roche) in 100 ec. of 1.2 nN HCl and filtering it. To the aque- 
ous phase in the centrifuge tube are added slowly and with stirring 5 cc. of 
the reineckate solution and the mixture is allowed to stand for 30 minutes, 
during which time it is frequently agitated with a glass rod. This mixture 
is then centrifuged for 10 minutes at a speed of at least 2500 r.p.m. and the 
supernatant containing the excess reineckate is carefully decanted. While 
the tube is still inverted, its mouth is wiped clean in order to remove the 
excess reineckate as completely as possible. The stirring rod used pre- 
viously is returned to the tube and approximately 3 cc. of 1.2 n HCl 
delivered into the tube in such a manner as to wash down its sides and the 
stirring rod. The mixture is stirred with the minimum of agitation required 
for the adequate washing of the precipitate. Prolonged agitation should be 
avoided, especially with small samples of choline, in order to prevent solu- 
tion of the precipitate. The stirring rod is now removed and the contents 
of the tube centrifuged again for 10 minutes at 2500 r.p.m. The superna- 


into the flask at an angle of 45° about 3 cm. from the top. This type of flask is par- 
ticularly useful for the extraction of lipids from an aqueous phase of small volume. 
After the aqueous phase is shaken with petroleum ether, it is allowed to stand until 
the petroleum ether phase is clear. The petroleum ether is then decanted, the aque- 
ous phase being caught in the side arm. The aqueous phase is then reextracted in a 
similar manner several times with fresh portions of petroleum ether 
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tant is discarded and the mouth of the tube again wiped clean. After the 
choline reineckate is completely dissolved in 6 to 10 cc. of acetone, the tube 
is centrifuged for 5 minutes. 

The volume in the centrifuge tube is read to 0.05 cc. and the solution 
decanted into a colorimeter tube. The latter is stoppered to prevent evapo- 
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Fic. 1. Plot of galvanometer readings against choline chloride 


ration of the acetone. The color is determined in a Klett-Summerson 
photoelectric colorimeter containing the No. 54 filter (500 to 570 my). 
Samples that contained small amounts of choline were made up to small 
volumes in order to obtain colors that were intense enough to be read accu- 
rately on the colorimeter and that still obeyed Beer’s law. The minimum 
volume that could be used for a colorimetric reading is slightly over 5 cc. 
Standards—In all choline determinations standard samples containing 
known amounts of choline were precipitated with reineckate and run along 
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with the unknown samples. The standard choline solutions were prepared 
from choline chloride that had been recrystallized from absolute alcohol 
and dried in the vacuum desiccator. An aliquot of a standard solution pre- 
pared from such choline is transferred to a 15 ec. graduated centrifuge tube, 
1.4 ec. of 6 N HCI added, and the volume in the tube made up to7 ce. with 
water. The choline is precipitated as described above. In Fig. 1 the gal- 
vanometer readings (corrected to a 10 ec. basis) have been plotted against 
the amounts of choline chloride precipitated. 

The degree of variation in the colorimetric readings of acetone solutions 
of choliné reineckate obtained after precipitation of standard solutions of 
choline chloride as described above is shown in Table I. The maximum 
difference between analyses carried out on eight different days amounted to 
about 5 per cent. Consequently the amount of choline in an unknown 
solution can be determined to within 5 per cent merely by reference to the 


TABLE | 
Extent of Variation in Colorimeter Readings from Day to Day 
Total No. of Deum enRicienstes 


analyses (8 separate Choline chloride pptd ceiian 
experiments* each 


Standard deviation 


me 
21 1.90 76.5 +1.15 
21 2.85 116.5 +1.87 
16 4.75 196 +2.66 


* Each experiment was conducted on a different day. 


standard curve shown in Fig. 1. In this laboratory, however, a new stand- 
ard curve was prepared with each set of choline determinations; in this way 
the error of each determination is probably reduced to not more than 3 per 
cent. 

Calculations—In the calculations all the readings were converted to a 
basis of 10 ce. volume. For example, a sample which at a volume of 6.4 ce. 
gave a colorimeter reading of 147 would, if it had been made up to 10 ce., 
give a reading of 6.4/10X 147 = 94. The choline values corresponding to 
the colorimetric readings corrected for a volume of 10 cc. were then obtained 
from a chart prepared after the manner described for Fig. 1 


Test of Method 


Beer’s Law—Standard samples containing from 0.95 to 14.25 mg. of cho- 
line chloride were precipitated in centrifuge tubes as described above and 
the color obtained measured in the Klett-Summerson photoelectric colori- 
meter. In Fig. 1 the galvanometer readings (converted to a 10 cc. basis) 
have been plotted against the amounts of choline chloride precipitated. 
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Since the galvanometer scale of this colorimeter is graduated logarithmi- 
cally, Fig. 1 shows that the colors produced over a range of 0.95 to 14.25 mg. 
of choline chloride obey Beer’s law. The fact that the straight line passes 
through the origin may be taken as evidence that for choline samples of 1 mg. 
or more a significant quantity of the choline reineckate precipitate is not lost 
by washing the precipitate with 3 ec. of 1.2 n HCl. 


Taste II 
Recovery of Choline Added to Liver Phospholipid 


All choline values are expressed as the chloride. 


: — yy, —.” a Recovery of the added choline 
' sample sample 
még még me me per cent 
1.87 0 1.87 od 100 
2 2.81 0 2.85 2.85 | 101 
3 1.68 © 0 1.77 $.77 102 
4 1.87 3.17 1.96 1.79 | 96 
5 1.87 2.22 4.23 2.01 107 
6 1.87 1.59 3.52 1.93 103 
7 0.935 1.27 2.22 0.95 102 
S 0.935 1.59 2.55 0.96 103 
9 2.81 1.59 4.47 2.88 102 
10 2.81 2.22 5.10 2.88 102 


TaB_e III 
Effect of Duration of Hydrolysis on Amount of Choline Liberated from Liver Phospho 
lipid 
All choline values are expressed as the chloride. 


Duration of 


Duration of . , ‘ a 
: Ss b 
Choline found Sample No hydrolysis Choline found 


Sample No hydrolysis 


Ars. me. | | Ars. mg. 

2 2.85 | 2 | 2 | 4.55 
3 2.85 3 4.50 

4 2.85 4 4.55 

5 2.85 5 4.55 

a ; Redeakl ellacen 


Barium Hydroxide Hydrolysis—In order to extract completely the hydro- 
lyzed fats and to keep the volume of the aqueous phase small, the mixture 
was concentrated almost to dryness during the hydrolysis with Ba(OH)s. 
It was therefore desirable to know whether this treatment affected the re- 
covery of choline. The following experiments were carried out to test this 
point. 

Known amounts of choline were added to 15 ce. portions of saturated 
Ba(OH), and the mixtures treated as outlined in the “Procedure” above. 
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From the first three results recorded in Table II it can be seen that treat- 
ment with Ba(OH), has no destructive action on choline. 

In Experiments 4 to 10 (Table II) the choline content of a methanol-ether 
solution of phospholipids was determined. To another aliquot of the same 
solution, known amounts of a standard choline solution were then added and 
the total choline content measured. The results obtained indicate that 
added choline can be quantitatively recovered when treated with Ba(OH). 
in the presence of phospholipids. 

The effect of duration of hydrolysis with Ba(OH). on the recovery of cho- 
line from phospholipids is shown in Table IIT. It is evident that hydrolysis 
is just as complete in 2 hours as it isin 5 hours. This may be taken as evi- 
dence that practically all the choline combined in liver phospholipids is 
liberated by the barium hydrolysis procedure used here. Further evidence 
for this view is supplied in the following paper, in which choline to phospho- 
rus ratios of almost unity were obtained from phospholipid samples by 
barium hydroxide hydrolysis. It is unlikely that such ratios would have 
been obtained if the hydrolysis with the barium hydroxide were incomplete. 


DISCUSSION 


The present method has been limited to the measurement of the choline 
content of phospholipids, and no attempt has been made to apply it to other 
biological materials. Presumably it is subject to the same limitations as all 
methods in which reineckate is used as a precipitation agent for choline. It 
has the advantage, however, of giving complete precipitation of choline 
within 30 minutes at room temperature; moreover, the high concentration 
of reineckate in the dilute hydrochloric acid makes possible the determina- 
tion of choline over a wide range. 

That the precipitation of choline is quantitative between 1 and 14 mg. 
is suggested by the observation that the straight line shown in Fig. 1 passes 
through the origin. Triplicate values that agree within 3 per cent were 
obtained from analyses of samples containing 1 to 14 mg. of choline chloride. 
When the samples analyzed contained less than 1 mg. of choline chloride, 
there was a tendency for the recoveries to be low, an observation that indi- 
cates that some loss occurs when small amounts of precipitated choline are 
washed with hydrochloric acid. 


SUMMARY 
A rapid and accurate method for measuring choline by precipitation with 
reineckate in dilute hydrochloric acid is presented. 
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Investigations in phospholipid metabolism have been handicapped by 
lack of a satisfactory method for the resolution of mixtures of tissue phos- 
pholipids. Various methods for separating phospholipids have been sug- 
gested, but none has proved to be entirely satisfactory. 

Petroleum ether was used for separating lecithin and cephalin from 
sphingomyelin by Hevesy and Hahn (1) and by Chargaff (2). These work- 
ers claimed that, when a lipid extract was concentrated to dryness and the 
residue treated with cold petroleum ether, the lecithins and cephalins were 
dissolved and thereby separated from the insoluble sphingomyelin. The 
cephalin fraction was then separated from the lecithin by precipitation with 
alcohol. The individual phospholipid fractions were further purified by 
reprecipitation. Since these investigators (using radioactive P) were pri- 
marily interested in the specific activities of the various phospholipid frac- 
tions, they were not concerned with the loss of material involved in the 
purification of the individual fractions. Unfortunately, no data were 
presented on the effectiveness of the separation, and so it is difficult to 
evaluate this procedure. The use of alcohol for the precipitation of 
cephalin, however, is contraindicated by the finding of Folch (3) that 
phosphatidyl ethanolamine is freely soluble in alcohol. Moreover, the 
methods used by Hevesy and Hahn and by Chargaff are not satisfactory 
when only small amounts of phospholipid are available or when information 
on the actual amounts of the different phospholipids is desired. 

Another method of separation was introduced by Kirk (4). In this 
method the phospholipid mixture is first precipitated with acetone and 
MgCl, and then extracted with moist ethyl ether. According to Kirk, 
moist ethyl ether dissolves lecithin and cephalin but not sphingomyelin. 
This method has been criticized by Sinclair and Dolan (5) and by Ramsay 
and Stewart (6). Sinclair and Dolan maintain that the phospholipid frac- 
tion not dissolved by treatment of the precipitated phospholipids with moist 
ethyl ether does not consist primarily of sphingomyelin but is merely a 
portion of the mixture of all phospholipids present. Furthermore, they 
report that the percentage of ether-insoluble phospholipids is a function of 
the amount of MgCl, added during the precipitation with acetone. 
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Reinecke salt as a specific precipitating agent for sphingomyelin was first 


used by Thannhauser and Setz (7) and subsequently adopted by a number 


of other workers (8-13). Erickson et al. (9) and Hunter (11) have presented 
data in support of this method. Employing samples of sphingomyelin that 
were 70 to 90 per cent pure, the former reported recoveries of 76 to 113 per 
cent by this procedure. When known amounts of the sphingomyelin prep- 
aration were added to stroma extracts, the recoveries varied between 97 and 
110 per cent. These results do not preclude the possibility of precipitation 
of phospholipids other than sphingomyelin when reineckate is added to a 
mixture of phospholipids. As yet, there is no conclusive evidence that 
reineckate precipitates sphingomyelin quantitatively and specifically (7.e. 
free from other phospholipids) from lipid extracts of tissue. In rats main- 
tained on a uniform diet Artom and Fishman (13) found such widely vary- 
ing amounts as 10 and 680 mg. per cent of liver sphingomyelin by the 
reineckate precipitation method. Indeed, they state that more work is 
required to establish the significance of their data on sphingomyelin. 

The determination of the individual phospholipids in mixtures need not 
involve the actual separation of any one of them. Ramsay and Stewart 
(6), for example, have presented data on the distribution of the separate 
phospholipids in human whole blood based on measurements of lipoid P, 
choline, and glycerol. They obtained values for sphingomyelin consider- 
ably higher than other investigators. Blix (14) determined lipoid P and 
glycerol in samples of human serum and calculated the non-glycerol phos- 
pholipid (sphingomyelin) content, which he found to be about 13 per cent 
of the total phospholipid. 

In the present communication a new approach to the separation of phos- 
pholipids is presented. Preliminary work! suggested that phospholipids 
in petroleum ether solution could be adsorbed on magnesium oxide and that 
lecithin and sphingomyelin could be eluted with methyl alcohol. This ad- 
sorption phenomenon was then studied in detail and incorporated into a 
procedure for the separation of choline-containing (lecithin and sphingomye- 
lin) from non-choline-containing phospholipids (cephalins) of liver. 


EXPERIMENTAL 


Extraction of Phospholipids from Liver—The extraction of phospholipids 
from liver was carried out as follows: The weighed tissue was ground with 
sand in a mortar, transferred to a flask, and extracted with alcohol at 55-60° 
for 2 hours with occasional shaking. Approximately 150 cc. of aleohol were 
used for 20 to 25 gm. of liver. The supernatant alcohol was decanted 
through filter paper and the residue extracted with a second portion of alco- 
hol for 1 hour. The contents of the flask were then poured through the 


1! Fries, B. A., and Chaikoff, I. L., unpublished observations. 
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same filter paper and the two alcohol extracts combined. The tissue 
residue was then extracted overnight with ether in a Soxhlet apparatus and 
the ether extract added to the alcohol extracts. The combined alcohol- 
ether extracts were concentrated to a small volume (3 to 4 cc.). This was 
carried out in a hot water bath (55-60°) under reduced pressure and in an 
atmosphere of CO:.. This concentrate was extracted with several portions 
of petroleum ether (b.p. 30-60°) and the petroleum ether extract made up 
to a desired volume by the addition of more petroleum ether. 

Adsorption of Phospholipid on Magnesium Oxide from Petroleum Ether 
Solution—The amounts of phospholipid adsorbed from a petroleum ether 
solution by various amounts of magnesium oxide are shown in Table I. 
Merck’s U.S. P. light magnesium oxide was used throughout. Equal vol- 
umes of a petroleum ether extract of liver lipids were added to amounts of 
MgO varying from 0.3 to 1.0 gm. in 50 cc. centrifuge tubes. The MgO- 


Taste I 
Adsorption of Dog Liver Phospholipids from Petroleum Ether Solution 
by Magnesium Oxide 
To the amounts of MgO recorded below were added 15 cc. of a petroleum ether 
solution containing 0.85 mg. of phospholipid P. 


MgO used for adsorption, gm. 0.3 0.4 0.5 0.6 | 0.75 | 10 


- ng : a ae | 
Per cent phospholipid P adsorbed 82 96 | 100 | 100 | 100 | 100 


petroleum ether mixtures were stirred frequently for 15 to 20 minutes and 
then centrifuged. The supernatant petroleum ether was poured off and 
evaporated to dryness, and the phosphorus determined by King’s method 
(15). The results shown in Table I indicate that all the phospholipid con- 
tained in 15 cc. of the petroleum ether solution (approximately 21 mg. of 
phospholipid) was adsorbed on 0.5 gm. of MgO. When the quantity of the 
phospholipid solution and the amount of MgO were proportionally in- 
creased, the adsorption was still complete. The concentration of the 
phospholipid in the petroleum ether was kept nearly constant in all experi- 
ments, about 0.06 mg. of phospholipid P per cc. 

Elution of Phospholipids—The experiments of Table II were carried out 
as follows: 25 cc. of petroleum ether solutions containing approximately 
0.060 mg. of phosphorus per cc. were ad¢led to 1.0 or 1.75 gm. of MgO in a 
50 cc. centrifuge tube. The mixture was stirred at frequent intervals for 
15 to 20 minutes and then centrifuged. The supernatant, which contained 
no phosphorus, was discarded. The residue was washed with 25 cc. of fresh 
petroleum ether and the mixture centrifuged again. The supernatant fluid 


was again discarded. 
The MgO was now subjected to several treatments with methy! alcohol. 
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In the first treatment 30 cc. of the alcohol were added and the mixture 
agitated at frequent intervals for 20 minutes. The mixture was then cen- 
trifuged and the supernatant decanted. The residue was washed twice 
more with 25 ce. portions of methyl alcohol and the mixture stirred repeat- 
edly for 20 minutes after each addition. The methyl alcohol eluates were 
then combined and made up to volume. Aliquots of the latter were taken 
for determinations of phosphorus and choline. Choline was determined by 
the method described in the preceding paper (16). 


TABLE II 
Adsorption of Rat Liver Phospholipid on MgO and Elution by Methanol 


For a description of the procedure, see the text. 


Steen Phospholipid added to MgO Phospholipid eluted by methanol 
Extract Semes ak. Moles Moles Recovery 
a Choline P choline Choline P choline phn 
Moles P Moles P lipid 
em me mg. me me per cent 
A ] 1.0 3.35 1.49 0.58 3.36 0.96 0.90 100 
B 2 1.0 3.43 1.47 0.60 3.42 0.97 0.90 100 
3 1.0 3.50 1.51 0.59 3.47 0.99 0.90 99 
Cc } 1.0 3.36 1.52 | 0.57 3.25 | 0.96 | 0.87 97 
5 1.75 3.30 1.52 0.56 3.36 | 0.96 | 0.90 98 
6 1.75 3.40 1.54 0.57 3.25 0.90 0.93 06 
7 1.75 3.40 1.54 0.57 3.26 0.90 0.93 06 
8 1.75 3.40 1.54/ 0.57 | 3.30 | 0.85 1.00 07 
9 1.75 3.40 1.54 0.57 3.26 | 0.85 0.98 6 
D 10 1.75 3.47 1.54 0.58 3.33 0.85 1.00 96 
11 1.75 3.47 1.54 0.58 3.27 0.86 0.97 04 
12 1.75 3.47 1.54 0.58 3.19 0.83 0.99 92 
E 13 1.75 3.42 1.49 0.59 3.25 | 0.88 0.95 95 
14 1.75 3.42 1.49 0.59 3.28 0.88 0.95 06 
15 1.75 3.42 1.49 0.59 3.21 0.84 0.98 94 


* The results for each sample represent the average of closely agreeing duplicate 


or triplicate analyses. 


Table II shows that the elution of choline-containing phospholipids by 
methyl alcohol is practically complete when 1.0 gm. of MgO is used for 
adsorption. However, under these conditions the choline to phosphorus 
ratio of the eluted phospholipids was about 0.90. Since the choline to 
phosphorus ratio in pure choline-containing phospholipids would be ex- 
pected to be unity, the finding of a ratio of 0.90 may be taken to indicate 
that the methanol eluate contained an appreciable amount of some non- 


choline phospholipid. 
In an attempt to find conditions that would yield higher ratios, changes 
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in the pH of the methanol and effects of increase of temperature were tested. 
No consistent differences were observed when elution was carried out at 50° 
instead of at room temperature. Changes in the pH of the methanol also 
failed to raise the choline to phosphorus ratio. But when the amount of 
MgO was raised to 1.75 gm., the choline to phosphorus ratio of the eluate 
was found to be close to unity (Table II). The recovery of choline in the 
eluate under these conditions was about 95 per cent. 

Adsorption of Phospholipid from Methanol by MgO—In the above experi- 
ments the phospholipids were first completely adsorbed from a petroleum 


TaBe III 
Adsorption of Liver Phospholipids Directly from Methanol 
For a description of the procedure, see the text. 


Phospholipid added to MgO | Phospholipid that remained in methanol 


| Amount }>— ‘ 
Choline 











’ Sample Phospho- of MgO | | 
Extract | “\7,'+ | lipid —~ pe adn hg | Moles Moles phesgho- 
me | “i | Choline P wes Choline P | aes recovered 
methanol 
me. meg. mg. meg. me. | per cent 
F 1 | Rat 1.0 | 3.51 | 1.51} 0.59 | 3.49/| 0.99 | 0.90 99 
G 2 a 1.75 | 3.42/1.49| 0.59 | 3.36 / 0.88} 0.98 | 98 
3 « 1.75 | 3.42/ 1.49 | 0.59 | 3.25 | 0.85 | 0.98 | 95 
4 oe 1.75 | 3.42 | 1.49 | 0.59 | 3.30/ 0.91] 0.93 | 96 
H 5 | Dog 1.5 3.56 | 1.55 | 0.59 | 3.38/ 0.93 | 0.93 | 9% 
6 «“ 1.75 | 3.56| 1.55! 0.59 | 3.22/0.86| 0.96 | 90 
7 1.75 | 3.56) 1.55! 0.59 | 3.25|0.88/ 0.95 | 91 
J 8 1.75 | 3.46/1.51! 0.59 | 3.14/ 0.82) 0.98 | 91 
9 1.75 | 3.46/ 1.51) 0.59 3.13) 0.82) 0.98 91 


* The results for each sample represent the average of closely agreeing duplicate 


or triplicate analyses. 


ether solution and elution of the choline-containing phospholipid carried out 
with methanol. This raised the question whether the separation of the two 
types of phospholipids could be accomplished by first dissolving the phos- 
pholipids in methanol and then treating this methanol solution with MgO. 
In order to test this possibility, the following experiments were carried out. 

A measured volume of a petroleum ether extract of liver containing ap- 
proximately 6 mg. of phospholipid P was evaporated just to dryness under 
reduced pressure in a CO, atmosphere and the residue dissolved in methanol. 
Under such conditions all phospholipids were dissolved by the methanol. 
This was shown by phosphorus and choline measurements. The methanol 
solution was made to 100 cc., and 25 ee. aliquots containing approximately 
(0.060 mg. of phospholipid P per cc. were added to 1.75 gm. of MgO in 50 ec. 
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centrifuge tubes. The mixtures were allowed to stand for 25 to 30 minutes 
with frequent stirring and then centrifuged. The methanol was poured off 
and the MgO washed twice with 25 cc. portions of fresh methanol. The 
combined methanol supernatants were made up to 100 cc. and aliquots 
taken for phosphorus and choline determinations. The results are recorded 
in Table III, which shows that the separation by this procedure is just as 
complete as when the phospholipids are first adsorbed from a petroleum 
ether solution and then eluted with methanol. 

One of the difficulties encountered was a cloudiness of the methanol 
solutions which appeared after centrifuging the MgO-methanol mixtures. 
The first methanol supernatant was usually clear, but the supernatants 
from the two methanol washings were usually cloudy. It was found that 
the presence of a small amount of NaCl in the methanol prevented the solu- 
tion from becoming turbid after centrifugation and did not affect the recov- 
ery of choline or the choline to phosphorus ratio. For this reason methanol 
containing approximately 5 X 10~* m NaCl is used for the two washings of 
the MgO. 


DISCUSSION 


The method of separation of choline-containing from non-choline-con- 
taining phospholipids described here is both convenient and reasonably 
accurate. When a methanol solution of liver phospholipid was treated 
with MgO under the conditions specified above (1.75 gm. of MgO), the 
average choline to P ratio of the unadsorbed phospholipid was greater than 
0.96. This may be taken to mean that practically all the phospholipids 
remaining in the methanol contain choline and therefore represent a mixture 
of lecithin and sphingomyelin. That a small amount of choline-containing 
phospholipid may remain behind with the MgO is suggested, however, by 
the finding that the recoveries are usually less than 100 per cent (Tables 
II and ITT). 

The choline to P ratio determined on the phospholipid mixture before 
adsorption on MgO gives the fraction of the total liver phospholipids which 
is choline-containing. Thus the data in Tables II and III show that an 
average of 58 per cent of the phospholipid of the liver in the dog and rat 
contains choline. This value is in good agreement with that obtained by 
Artom and Fishman, who used the enneaiodide method for the determina- 
tion of choline (13). These workers found that 60 per cent (average) of the 
phospholipid of the liver of rats fed a stock diet contained choline. 

The work of previous investigators suggests that a separation of sphingo- 
myelin from lecithin might be effected in the present method by precipitat- 
ing the sphingomyelin as the reineckate from the methanol solution of the 
choline-containing phospholipids. In our hands this method has not yet 
yielded satisfactory results. 
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The application of this procedure to the separation of choline-containing 
from non-choline-containing phospholipids in tissues other than the liver is 


at present under investigation. 
SUMMARY 


A method for the separation of choline-containing from non-choline- 
containing phospholipid of the liver is described. The method is based on 
the discovery that phospholipids are completely adsorbed on MgO and that 
under certain conditions methanol elutes only the choline-containing phos- 


pholipids. 
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Because the therapeutic effectiveness of sulfanilamide is dependent on 
the attainment of an optimum concentration of the non-acetylated (free) 
drug in the blood, it is desirable to make routine determinations of the free 
sulfanilamide present in the blood of patients undergoing treatment (1, 2). 
Despite the fact that there have appeared reports dealing with combined 
ascorbic acid-sulfonamide therapy (3-8), there is nothing in the literature 
pertaining to the effect of vitamin C on the determination of sulfanilamide 
by the method of Bratton and Marshall (9). Yet it is shown by the works 
of several authors that large amounts of vitamin C may appear in the 
blood as a result of the administration of massive doses of ascorbic acid. 
In fact, blood levels as high as 25 mg. per cent have been reported in 
humans. 

This investigation was undertaken to determine whether vitamin C 
interferes with the determination of sulfanilamide. 


EXPERIMENTAL 


The method used for the determination of sulfanilamide was that of 
Bratton and Marshall (9). Determinations of reduced vitamin C were 
made by the methods of Farmer and Abt (10). 

Both in vivo and in vitro experiments were run. 

For the in vivo experiments, blood was obtained by cardiac puncture from 
guinea pigs which were lightly anesthetized with ether. The animals used 
were of both sexes and weighed approximately 275 to 425 gm. The sulfa- 
nilamide was given by mouth by means of a rubber catheter attached to a 
suitable syringe. The drug was given as a 15 per cent water suspension in 
single doses of 323 mg. of sulfanilamide per kilo of guinea pig; and doses 
were administered at 0,3, 7, 11, 15, and 19 hours (11). When ascorbic acid 
was given, it was administered intraperitoneally concurrently with the 
sulfanilamide dosage given per os. Blood samples were obtained 20 hours 
after the initial dose was given, and the samples were prepared at once for 
the determinations of vitamin C and sulfanilamide. 

The following groups were given the sulfanilamide treatment: guinea 
pigs on normal diets, forty-six animals; 20 hours fasting, twenty-eight 
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animals; vitamin C depletion for 10 to 13 days, twelve animals; parenteral 
injections of 2.5 mg. of ascorbic acid, six animals; and injections of 10 mg. 
of ascorbic acid, five animals. 

In the in vitro experiments 10 mg. per cent of sulfanilamide were used 
throughout, except as noted in Table III. The sulfanilamide-ascorbic acid 
solutions were made by adding to 5.0 cc. of the 20.0 mg. per cent stock 
solution of sulfanilamide used as the standard 5.0 ec. of a solution of as- 
corbic acid in trichloroacetic acid. In the final sulfanilamide-ascorbic acid 
solution, the percentage of trichloroacetic acid was the same as that in the 
blood filtrates of Bratton and Marshall (9). The coupling agent (N-1- 
naphthylethylenediamine dihydrochloride) was added after the final 
sulfanilamide-ascorbic acid solution had first been diluted 1:10. 

Ascorbic acid solutions were oxidized by heating a distilled water solution 
of the vitamin under a reflux on a water bath for 1 hour. The ascorbic acid 
oxidized in this manner was compared with the reduced form of ascorbic 
acid in regard to their effects on the determination of sulfanilamide. 

Solutions of reduced ascorbic acid and sulfanilamide and solutions of 
oxidized ascorbic acid and sulfanilamide prepared as previously described 
were refluxed in a water bath at approximately 100° for 1 hour. After the 
solutions were cooled and readjusted to the prerefluxing volume by the 
addition of distilled water, the free sulfanilamide was determined. 

Sulfanilamide solutions alone when refluxed in a water bath at 100° for 1 
hour gave complete recovery within the limits of error (¢ = 2.5 per cent) 
previously found in this work. 

All experiments were performed in duplicate. 


DISCUSSION 


Although different conditions in regard to the vitamin C level of the 
blood were found or were produced in the animals, there was no correlation 
between the amount of free or of conjugated sulfanilamide in the blood and 
the vitamin C content of the plasma (cf. Table I). 

Inasmuch as the vitamin C in the blood was consistently very low at the 
time that the blood was withdrawn for the purpose of making tests for both 
sulfanilamide and vitamin C (cf. Table I, Column 2), it was thought that 
perhaps the sulfanilamide interfered with the determination of the vitamin, 
or caused a change in the in vivo metabolism of the vitamin. Jn vitro tests 
showed, however, that sulfanilamide does not interfere in the determina- 
tions of ascorbic acid. The low content of the vitamin in the blood can be 
explained by the fact that within 3 hours after the sulfanilamide has been 
administered the animals no longer take nourishment voluntarily. It has 
been shown by Karel and Chapman (12) that after 20 hours fasting in 
guinea pigs, the blood level of vitamin C drops to low values approximating 
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those of Table I, Column 2. Consequently, although the drop in plasma 
ascorbic acid values may be the result of increased excretion or of metab- 
olism of the vitamin attributable to the effect of the sulfanilamide (13-15), 


TABLE | 
Vitamin C Content and Free and Total Sulfanilamide Content of Blood Plasma of 
Normal Guinea Pigs after Six Doses of Sulfanilamide 
15 gm. of sulfanilamide were suspended in 100 ec. of water. The dose was 32.3 
mg. of sulfanilamide per 100 gm. of guinea pig by mouth. The schedule of dosage 
was at 0,3,7, 11,15, and 19 hours. The weight of the guinea pigs was 272 to 432 gm. 
The date of the experiment was March 6, 1940. 
20 hrs. after Ist dose of sulfanilamide 


Vitamin C prior to 


sulfanilamide dosage - or 
Total sulfanilamide 


Vitamin C Free sulfanilamide 
(1) (2) (3) (4) 
mg. per cent meg. per cent me. per cent mg. per cent 

0.29 0.01 33.0 40.8 
0.08 0.00 34.8 53.4 
0.10 0.00 44.2 60.6 
0.44 0.00 33.7 51.0 
0.05 0.00 27.3 45.8 
0.23 0.00 27.9 43.4 
0.17 0.00 19.0 26.6 
0.30 0.00 36.9 44.2 
0.17 0.00 20.0 29.6 
0.11 0.01 19.5 31.2 
0.17 0.00 32.8 40.6 
0.12 0.00 17.3 28.8 
0.00 0.00 28.4 50.5 
0.10 0.00 25.8 28.8 
0.19 0.00 38.0 43.5 
0.26 0.00 30.0 39.9 
0.07 0.00 24.7 44.4 
0.23 0.00 36.4 40.0 
0.00 0.00 | 25.5 26.5 
0.09 0.00 30.0 54.1 
0.11 0.00 59.7 77.9 
0.08 0.00 62.5 80.5 
0.35 0.05 35.1 36.8 
0.22 0.02 42.1 34.5 
0.35 0.07 33.6 40.7 
0.23 0.03 20.4 22.4 


nevertheless, the low blood vitamin C values can be explained by the lack of 
vitamin C intake by the guinea pigs. 

From the in vitro experiments, it was found that there is no interference 
with the determination of the drug when a solution contains 10.0 mg. per 
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cent of sulfanilamide and up to 3.0 mg. per cent of the reduced form of 
ascorbic acid. Above 3.0 mg. per cent, reduced ascorbic acid in the presence 
of 10.0 mg. per cent of sulfanilamide interferes with the sulfanilamide de- 
termination increasingly the larger the quantity of the vitamin present. 


TaBLe II 
In Vitro Experiments Showing Percentage of Sulfanilamide (10 Mg. Per Cent) Recovered 
in Presence of Varying Amounts of Vitamin C 


; Reduced Oxidized 
Reduced vitamin C — Oxidized ——- yoy 2 en a: = 
vitamin + recovered | Vitamin C | recovered = ..% recovered =. recovered 
mide mide 
mg. per cent per cent mg.percent| per cent mg.percent| percent \mg.percent| per cent 
0.125 1:30 | 96.2 
0.25 | 1:40 | 97.4 
0.50 1:20 | 96.3 0.50 92.9 
0.75 | 1:13 | 95.0 | 
1.00 1:10 97.7 1.00 96.0 
1.25 1:8 97.7 
1.50 | 1:7 96.5 
1.75 1:6 98.0 
2.00 | 1:5 98.0 | | 2.00 | 90.0 
2.25 | 1:4 | 97.5 
2.50 | 1:4 99.4 | 
2.75 | 1:4 97.4 | | 
3.00 1:3 99.8 3.00 83.1 
5.00 1:2 93.3 5.00 77.8 
10.00 1:1 91.6 10.00 93.8 10.00 76.4 
15.00 3:2 92.0 
20.00 2:1 89.8 20.00 93.4 20.00 68.3 20.00 75.6 
25.00 2.5:1 85.2 
30.00 3:1 84.2 30.00 838.9 30.00 62.2 30.00 66.3 
40.00 $:1 77.3 40.00 73.2 40.00 57.6 10.00 56.7 
50.00 5:1 71.5 50.00 63.1 50.00 56.6 50.00 50.7 
100.00 10:1 56.1 100.00 65.0 
150.00 15:1 19.6 
200 .00 20:1 24.5 
250.00 25:1 Trace 
300.00 30:1 0.0 


Interference with the color production is proportional not to the quantity 
of vitamin C present, but to the ratio of ascorbic acid to sulfanilamide 
(Tables II and III). 

When the reduced form of the vitamin is heated with sulfanilamide in a 
water bath for | hour under a reflux, there appears to be a reaction between 
the ascorbic acid and the sulfanilamide. Evidence for this lies in the facts 
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that the percentage of sulfanilamide recoverable is considerably reduced 
(Table II), that complete recovery can be obtained when sulfanilamide is 
heated alone, that if the ascorbic acid solution is first oxidized by heating in 
a water bath for 1 hour under a reflux and is then added to the sulfanilamide 
solution the recovery of sulfanilamide (which has not been heated with the 
oxidized vitamin) is approximately equal to the amount recoverable when 
solutions of sulfanilamide and reduced ascorbic acid (unheated) are tested, 
and that heating the sulfanilamide with previously oxidized ascorbic acid 
(Table IT) gives results not appreciably different from those obtained when 
the reduced ascorbic acid is heated with the drug. 

These latter facts are particularly of interest in regard to the determina- 
tion of the total amount (acetylated plus non-acetylated) of sulfanilamide 
in solutions in which either the oxidized or the reduced form of vitamin C 





Tasie III 
Effect of Ratio of Vitamin C to Sulfanilamide on Recovery of Sulfanilamide 
Sulfanilamide Reduced vitamin C meet be — > to Sulfanilamide recovered 
: CB ia ota Mit eS pba } v 
mg. per cent | mg. per cent | per cent 
1.0 1.00 1:1 90.4 
1.0 2.00 2:1 86.3 
1.0 3.00 3:1 84.0 
2.0 2.00 33 96.3 
2.0 3.00 3:2 95.3 
2.0 4.00 2:1 SF.6 
50.00 50.00 1:1 93.7 
50.00 150.00 3:1 76.9 


may be present, especially since less than 3.0 mg. per cent of ascorbic acid 
in the presence of 10.0 mg. per cent of sulfanilamide causes interference in 
the recovery of the sulfanilamide. This amount of ascorbic acid, it will be 
recalled, does not interfere in the determination of the non-acetylated 
sulfanilamide when the latter is present in the amount of 10.0 mg. per cent. 

With respect to the effect of oxidized ascorbic acid on the determination 
of free sulfanilamide and on the determination of combined sulfanilamide, 
it is seen from Table II that results obtained with the oxidized form of the 
vitamin do not differ significantly from those obtained with the reduced 


form. 


SUMMARY 


1. Both the oxidized and the reduced forms of ascorbic acid interfere 
with the determination of sulfanilamide by the method of Bratton and 
Marshall (9) when the ratio of ascorbic acid to sulfanilamide is 1:2 or 
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greater. Complete inhibition of the reaction does not occur, however, 
until the ratio reaches a value of 25:1 or greater (250 to 300 mg. per cent of 
ascorbic acid in the presence of 10.0 mg. per cent of sulfanilamide). 

2. Heating the ascorbic acid and the sulfanilamide together in a water 
bath for 1 hour under a reflux results in a lowering of the amount of sulfa- 
nilamide recoverable even when the ratio of ascorbic acid to sulfanilamide 


is lower than 1:3. 
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The fate of tributyrin and butyric acid in intermediary metabolism is an 
unsolved problem. ‘Tributyrin is readily digested and absorbed. Davis 
(1) found an average digestibility in rats of 86.9 per cent, while Deuel and 
Hallman (2) found that it was most rapidly absorbed of any of the short 
chain triglycerides. The absorption also has been found to be independent 
of the activity of the cortical hormones in distinction to the dependence of 
the fats whose constituent fatty acids are not water-soluble (3). Sodium 
butyrate is also as readily absorbed in normal rats (4) as in adrenalecto- 
mized salt-treated animals (3). 

Eckstein (5) showed that absorbed tributyrin is not deposited in the 
depot fat of the rat. There is also no evidence that it may be converted to 
carbohydrate in the animal body when fed as sodium butyrate (6) or as the 
ethyl ester (7), but the glycerol of tributyrin does have glycogenic action 
(8). It has been considered by some that it may be changed to longer 
chain fatty acids and deposited as the triglycerides of such fatty acids. 
Rittenberg, Schoenheimer, and Evans (9) seem to have disposed of this 
possibility by demonstrating that the deuterium of deuterobutyric and 
deuterocaproic acids was completely converted to deuterium oxide within 
8 hours after being fed. These authors point out that this may indicate a 
complete oxidation of these acids or a transfer of the deuterium during the 
conversion of the residue to other substances. However, the administra- 
tion of deuterium oxide to rats fed an excess of ordinary butyric acid did 
not result in the deposition of any deutero compounds in the fat depots, a 
result which is believed to prove that the butyric and caproic acids are not 
transformed to such fats. 

The present experiments were undertaken to obtain further evidence as 
to the fate of tributyrin and to compare its behavior with that of a natural 
triglyceride which is composed exclusively of long chain fatty acids. 


EXPERIMENTAL 


After the feeding of the isotopic fats to rats fasted 24 hours, the D, dis- 
tribution at various periods up to 112 hours was followed in the lumen and 


*These experiments were aided by « research grant from The Best Foods, Inc., 
to Dr. H. J. Deuel, Jr. 
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wall of the gastrointestinal tract, the tissue fat, the defatted tissue, and as 
D.O in the tissue fluid and urine. The tributyrin was administered by 
stomach tube in a single dose and the hydrogenated linseed oil was given in 
divided doses. The animals were placed in metabolism cages for the col- 
lection of the urine and the stock diet was given to those animals on which 
the test was continued longer than 24 hours. Any feces were collected and 
analyzed separately or with the gastrointestinal contents. At the termina- 
tion of the experimental period, the animals were anesthetized with amytal. 
In the experiments for periods shorter than 60 hours, the gastrointestinal 
tract was removed, weighed, and the contents flushed with ether. The 
deuterium content of the fat in this extract was determined separately. 
The gastrointestinal tract was dried in the vacuum oven. The remaining 
varcass was put through a meat grinder, the hashed tissues being passed 
through two additional times to insure uniformity, and an aliquot taken. 
This was dried at 50° in a vacuum oven to constant weight. The water 
removed was condensed by passing through a U-tube immersed in ethyl 
alcohol in a metal can surrounded by solid carbon dioxide. That the 
tissue water was quantitatively collected by this means was demonstrated 
by the fact that no increase in weight was ever found in the calcium chloride 
tube placed between the vacuum pump and the condensing tube. The 
tissue water was weighed, purified, and analyzed for deuterium. The dried 
tissue and intestines were extracted separately with ether for 16 hours in a 
Soxhlet apparatus. The lipids obtained from the ether extracts and the 
fat-free tissues were analyzed separately for deuterium. In some cases the 
fat-free tissue was powdered by being passed through a Wiley mill. This 
insured a greater homogeneity of the sample but greater difficulty in puri- 
fication of the water obtained after combustion was experienced than when 
the coarser dried and defatted tissue was employed for burning without the 
final grinding. The removal of the organic contaminants in the water in 
the former case required repeated treatment with alkaline permanganate 
and chromic acid. However, we have found that this purification may be 
hastened by oxidation with potassium persulfate according to the pro- 
cedure of Osborn and Werkman (10). The isotope analysis was made by 
the float method as employed earlier (11). 

The hydrogenated linseed oil was prepared by an 82 per cent saturation 
of a sample of linseed oil with deuterium, with a platinum oxide catalyst. 
The iodine number of the original linseed oil was reduced from 192.1 to 
35.3. For the feeding tests a mixture of 3 parts of the isotopic oil was mixed 
with 7 parts of untreated oil. This gave a sample liquid at body tempera- 
ture which was tolerated by the rat. 

Isotopic tributyrin was synthesized by the saturation of ethyl crotonate 
(prepared by the method of Florence (12)) with deuterium, transformation 
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to deuterobuteny] chloride by the procedure of Brown (13), and condensa- 
tion with glycerol according to the method of Black and Overley (14). 
The purity as determined by saponification was 99.3 per cent, and the 
refractive index was 1.4350 compared with a value of 1.4359 for ordinary 
tributyrin; also the tributyrin gave a volatile acid content which was 97 
per cent of the theoretical. However, the deuterium content was only 75 
per cent of the theoretical. It seems probable that a partial exchange with 
hydrogen, due to contamination with crotonic acid, occurred during 
saturation of the ethyl crotonate. 

The deuterium content of the volatile fat of the lipid fraction of the 
rat fed tributyrin 6 hours previously was determined on the distillate as 
follows: The saponified fat was acidified with H,SO,, 200 cc. of water were 
added, and this was distilled. The distillation was repeated after the 
addition of a second 200 cc. portion of water, and the distillates were 
combined. The distillate was concentrated to about 150 cc. after being 
made alkaline to prevent a distillation of the volatile acids. An aliquot 
was oxidized with potassium persulfate and the deuterium content was 
determined by the usual float method. 

Rats from our stock colony which had previously received our stock diet 
and which weighed approximately 100 gm. were used. 


Results 

The analyses of the tissues and urine of five rats at various periods after 
they had received tributyrin and of four rats at several intervals after they 
were fed partially hydrogenated linseed oil are summarized in Table I. 
Control tests were also made on the recovery of these fats when known 
amounts were added to the hashed tissues of the rats, as well as on their 
recovery from the gastrointestinal tract when it was flushed out directly 
after the fats were administered by stomach tube. 

DISCUSSION 

The absorption of tributyrin proceeds much more rapidly than that of 
the partially hydrogenated linseed oil. Within 6 hours it was 95 per cent 
complete; on the other hand only 30 per cent of the hydrogenated linseed oil 
was absorbed in 12 hours, although the absorption was completed in 24 
hours. The slower rate of disappearance must be partly ascribed to the 
larger quantity of the oil administered and to the fact that it was given in 
divided doses. 

The extent of incorporation of the administered fats into the body fat is 
also markedly different with the two fats studied. Thus, the maximum 
accounted for in the tissue lipids in the tributyrin experiments was 12 per 
cent at 12 hours, while the highest value recorded after the hydrogenated 
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linseed oil was 53 per cent at the 24 hour period. Only 2 per cent of the 
tributyrin was present in the tissue lipids at 36 hours and it was completely 
absent in the 60 hour test and thereafter; on the other hand, after the 


TaBLe | 
Fate of Deutero Fats When Fed to Fasted or Fed Albino Rats 























Per cent of administered deuterium recovered 
Tine | content} — ‘nnd mens Ga eee me 
feeding 7m Gut | Gut | Tissue —_ "held Urine | Sum of Total | mane 
| fed | content| wall | lipid | picSue| (1) +(2)) *°™*" | 
(1) | (2) 
Tributyrin 
hrs. | me. D0) 
0 | 58.2 37.1 | 55.0) 6.4 98.5} Added to hashed 
| tissue 
0 | 72.8 | 51.0 | 39.9] 6.7 97.6 
0 | 85.0 | 95.1 | 6.4 101.5} Recovered from 
gut 
6 | 72.8) 4.4/1.0] 9.3% 19.6] 65.2} 2.2] 67.4 | 101.7 
12 | 72.8; 0.0} 0.0} 12.0} 7.1) 73.2} 6.2) 79.4 | 98.5 
36 72.8 2.1 {| 4.0) 77.3) 22.1) 99.4 | 105.5 
60 72.8 | 13.8t| 0.0} 0.0) 0.0} 58.8) 27.7) 86.5 | 100.3 
68.0} 32.0)100.0 Calculated on 
basis of fat 
absorbed 
107 72.8 0.0 0.0) 40.7] 57.4) 98.1 | 98.1 
Partially hydrogenated linseed oil 
0 27.0 98.0 0.0) | 98.0} Added to hashed 
tissue 
0 | 27.0 | 91.0 | 5.9 96.9} Recovered from 
gut 
12 (4)t| 57.4 | 63.3 6.4) 9.8] 4.6] 17.8) 4.6) 22.4 | 106.5 
24 (6)t) 57.4 1.1 | 1.6 | 52.6 | 17.9} 19.7) 1.6) 21.3 95.8 
48 (6)T) 57.4 0.0 | 20.2 | 24.9) 42.0) 14.3) 56.3 | 101.4 
112 (6)f) 57.4 | 19.3 6.1 47.2 30.1) 77.3 | 102.7 








* This was entirely in the distillable fraction, the value on the distillate being 
9.2. 

t Deuterium lost in feces. 

t Given in divided doses. The figure in parentheses indicates the period in hours 
after the first dose when the second dose was administered. 


feeding of the linseed oil 20 per cent was still present in the tissue lipids after 
48 hours and no further decrease occurred in over 44 days (112 hours). 

A comparison in the rate of metabolism is also afforded by the extent of 
conversion of the isotopic fat to heavy water. This first accumulates in the 
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tissue fluid, gradually reaching a maximum, and then it slowly drops, cor- 
responding to the rate at which it continues to be formed and at which it is 
excreted in the urine. Based on such conditions within 6 hours, 67 per cent 
of the tributyrin has been completely destroyed. On the other hand, only 
21 per cent of the hydrogenated linseed oil was metabolized in 24 hours, 56 
per cent in 48 hours, and 77 per cent in 112 hours. As has been noted by 
other investigators, the rate of excretion of deuterium oxide from the tissue 
fluid is exceedingly slow. 

The deuterium remaining in the tissue after exhaustive extraction with 
diethyl ether is in all probability present in soaps, although the possibility 
exists that the isotope might have been set free and exchanged with the 
hydrogen on other compounds. The ease of saponification of tributyrin 
in vitro as well as in vivo is well known and this would seem to offer an ex- 
planation for the large fraction which was unextractable with ether. In 
recovery experiments with tributyrin added to hashed tissues, a conversion 
of 40 to 55 per cent of the isotopic lipid to material not extractable by ether 
occurred on drying. On the other hand, in the recovery tests with the 
hydrogenated linseed oil, 98 per cent of the deuterium remained in the lipid 
fraction on drying. 

The present experiments confirm the work of Eckstein (5) which showed 
that tributyrin is not stored in the depot fat over extended periods of time. 
There is, however, a temporary storage of small amounts of isotopic tri- 
butyrin or butyric acid which amounts to 12 per cent of the amount fed at 
12 hours, and 2 per cent still was present at 36 hours. That the deuterium 
so bound is still combined with butyrate is indicated by the demonstration 
in the 6 hour test that the distillable fatty acids from the saponified tissue 
fat accounted for 100 per cent of the deuterium. On the other hand, we 
have no evidence as to whether such a butyrate residue is present as tri- 
butyrin, in a mixed triglyceride, or as the free acid. Because of the ready 
susceptibility of tributyrin to hydrolysis, it will probably only be possible to 
settle the question of whether the butyrate is free or combined with glycerol 
by immediate freezing of the intact animal, grinding the frozen tissue, and 
drying it in a lyophile apparatus. 

The experiments also confirm Rittenberg, Schoenheimer, and Evans (9) 
in indicating that the butyrate fragments are not directly used for inter- 
conversion to long chain fatty acids. There is still the remote possibility 
that simple derivatives from butyrate might play a rdéle in the formation of 
specific long chain fatty acids. If this were the case, it could best be settled 
by the administration of butyrate containing isotopic carbon. 

The recovery of the deuterium fed varied from 96 to 106 per cent. This 
would seem to indicate the accuracy of the experimental technique. Also 
the fact that blank values were obtained on the gut contents, gut wall, 
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tissue fat, or fat-free tissue in control tests or in samples at prolonged 
periods after the feeding of isotopic fats would seem further to confirm the 
accuracy of the results. 


SUMMARY 


Isotopic tributyrin and linseed oil partially hydrogenated with deuterium 
were fed to rats and the distribution was noted in the lumen of the gastro- 
intestinal tract, gut wall, tissue fluid, tissue fat, fat-free tissue, and urine 
at several periods up to 112 hours. 

Tributyrin was found to be much more rapidly metabolized than the oil, 
having almost disappeared from the tissue fat at 36 hours and completely 
at 60 hours. Partially hydrogenated linseed oil was still present in the 
tissue fat to the extent of 20 per cent of the amount fed after 112 hours. 
Moreover, the maximum amount of tributyrin in the tissue fat was 12 per 
cent of that administered, while the maximum value found in the tests with 
the isotopic oil was 53 per cent of the quantity fed. 

On the basis of a single experiment, it would appear that the deuterium 
in the tissue fat after the feeding of isotopic tributyrin could be entirely 
accounted for in the distillable fraction. This would indicate that no 
direct conversion of tributyrin to long chain fat occurs. The experiments 
indicate a temporary storage of the butyrate molecule, but whether this is 
retained as tributyrin, as a component of a mixed triglyceride, or as butyric 


acid could not be ascertained. 
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CLEAVAGE OF CYSTATHIONINE BY AN ENZYME SYSTEM 
FROM RAT LIVER 


By FRANCIS BINKLEY 
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(Received for publication, May 11, 1944) 


Cystathionine has been shown to serve in lieu of cystine in the diet of 
rats (1) and to be cleaved by liver tissue of rats with the formation of 
cysteine (2). These findings, together with the observation that con- 
siderable extra cysteine is produced when a mixture of homocysteine and 
serine is incubated with rat liver tissue, may be interpreted as indicating 
that methionine is converted to cystine through an intermediate formation 
of homocysteine and cystathionine (3). Additional support for this hy- 
pothesis has been gained from studies of the metabolism of compounds 
labeled with heavy isotopes. Stetten (4) has reported evidence indicating 
that the carbon chain of cystine is derived from serine and, more recently, 
du Vigneaud and coworkers' have demonstrated that the original carbon 
chain of methionine does not appear in the cystine formed from it by the 
white rat. 

While these recent studies have done much to clarify the question of the 
major intermediary steps in the conversion of methionine to cystine, little 
or no knowledge has been gained as to the nature and mode of action of the 
enzymes involved in this conversion. An initial study on one of these 
enzymes is described in this report. The evidence presented may be in- 
terpreted as indicating that the cleavage of cystathionine is accomplished 
by a mechanism utilizing phosphate bonds high in energy. The system 
involved in the cleavage includes a heat-labile enzyme, a metallic ion, zine or 
magnesium, and adenosine triphosphate. The high energy phosphate of 
adenosine triphosphate is dissipated coincident with the cleavage of cysta- 
thionine and the dissipated phosphate is found, not as inorganic phosphate, 
but as a phosphate compound of low energy, stable to acid hydrolysis. 
Little or no free ammonia is released during the cleavage and it would seem 
probable that the cleavage product, other than cysteine, is the phosphory- 
lated hydroxyamino acid, the next higher homologue of serine or phos- 
phohomoserine. 

The net result of the series of reactions would be the exchange of the 
sulfhydryl group of homocysteine for the hydroxyl group of serine. Since 
the emphasis in these studies is on the shift of the sulfhydryl group, the 


‘du Vigneaud, V., personal communication. 
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reaction may be described as “‘transsulfuration.”” The possibility that the 
process plays a metabolic réle beyond the conversion of methionine to 
cysteine is interesting. An extension which may present an alternate 
partial explanation of the observations made by Stetten (4) is that serine 
and cysteine may be in equilibrium in so far as their carbon chains are 
concerned. Such an equilibrium would involve an intermediate formation 
of the symmetrical thio ether lanthionine. The finding that lanthionine, 
like cystathionine, is cleaved by rat liver tissue with the formation of 
cysteine’ lends support to this hypothesis. 


EXPERIMENTAL 


Preparation of Enzyme Solution—Fresh liver tissue of rats was mixed in a 
Waring blendor at 0° with a 10-fold amount of physiological saline for 15 


TABLE I 
Reconstitution of System for Cleavage of Cystathionine 
1.5 mg. of cystathionine (equivalent to 0.82 mg. of cysteine), 30 minutes digestion 
at 38° in 0.06 m bicarbonate, total volume 6 cc. 


Digest Extra cysteine Yield 

me. per cent 
1 ec. crude extract 0.43 51 
1 “ enzyme preparation 0.07 9 
1 “ boiled crude extract 0.00 0 
ia ” ve ” l ec. enzyme preparation 0.35 13 
1 “* enzyme preparation, 0.001 m ZnSQ,.. 0.10 12 

1.* rf adenosine triphosphate (0.22 

mg. labile P) 0.21 26 
1 cc. enzyme preparation, adenosine triphosphate, ZnSO, 0.54 66 


seconds. The mixture was then centrifuged at 15,000 r.p.m. for 30 minutes 
and the sediment discarded. The opalescent supernatant solution was 
placed in a cellophane bag and dialyzed at 0° for 48 hours against frequent 
changes of physiological saline. The dialyzed material was heated for 10 
minutes at 55°, cooled immediately to 0°, and centrifuged at high speed to 
remove the precipitate. The supernatant solution, which contained 5 to 8 
mg. of trichloroacetic acid-precipitable material per cc. of solution, was the 
enzyme solution used in these studies. 

As shown in Table I, this material brought about little or no cleavage of 
cystathionine and was effective only in the presence of zinc ions and adeno- 
sine triphosphate or in the presence of boiled crude extract. 

Technique of Digestion and Analysis—All the data reported were obtained 


? Binkley, F., Anslow, W. P., Jr., and du Vigneaud, V., unpublished observations. 
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from digestions conducted in 0.06 m bicarbonate solution. The cysta- 
thionine,’ zinc or magnesium salts, and adenosine triphosphate were dis- 
solved in bicarbonate solution. The various solutions, including the en- 
zyme preparation, were saturated with CO, and warmed to 38° before being 
mixed. A sample was removed at zero time and the mixture saturated 
with CO,. The tubes were tightly stoppered and incubated at 38°. Sam- 
ples were taken at various intervals, and the protein was precipitated by the 
addition of trichloroacetic acid. The protein precipitate was removed by 
centrifugation and the cysteine in the supernatant solution determined 
directly by the method of Sullivan and Hess (5). Recovery experiments 
were made to demonstrate that added cysteine could be recovered with 
little or no deviation from the theoretical values. Free ammonia was de- 
termined by a procedure of steam distillation in which the trichloroacetic 
acid supernatant was made alkaline with a borate-NaOH buffer. The in- 
organic phosphate, the phosphate released by an 11 minute and by a 30 
minute hydrolysis in 1 N sulfuric acid at 100°, and the total phosphate were 
determined by the method of Fiske and Subbarow (6). 


DISCUSSION 


In Table I it is seen that the thoroughly dialyzed enzyme preparation was 
inactive unless either boiled crude extract or a combination of zine ions and 
adenosine triphosphate was added. Experiments not included in Table I 
showed magnesium ions to be of the same order of efficacy as the zine ions, 
whereas equivalent amounts of cupric and ferric ions were inhibitory. 
Adenylic acid or thiamine pyrophosphate would not replace the adenosine 
triphosphate when tested in this system. Thiamine pyrophosphate, how- 
ever, did stimulate the action of a crude extract or of an incompletely di- 
alyzed preparation. 

The experiments described in Table II were conducted to determine the 
availability of adenosine triphosphate in the reaction. If the cleavage is 
pictured as a simple phosphorolysis in which phosphoric acid is added at the 
carbon-sulfur bond, both of the labile phosphates of the adenosine tri- 
phosphate might be expected to be available for the cleavage. If two phos- 
phates are utilized, the addition of 7.1 micromoles of labile phosphate 
should lead to the production of 7.1 micromoles of extra cysteine. The 
cysteine production was found to be 4.0 micromoles or about half of the 
calculated amount. The addition of 21.3 micromoles of labile phosphate 
led to the production of 10.3 micromoles of cysteine. These results em- 
phasize the fact that the extent of the reaction is dependent upon the 
amount of adenosine triphosphate in the system. They also indicate that 


* The cystathionine was furnished for this problem by Professor V. d- Vigneaud 
of Cornell University Medical College. 
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only one phosphate of the adenosine triphosphate is available for the 
cleavage or, alternatively, two labile phosphates are required for the 
cleavage of 1 molecule of cystathionine. 

From the results in Table III, in which the phosphate distribution is 
given, it is seen that only one acid-labile phosphate is utilized in the cleav- 


age. For the production of 3.5 micromoles of cysteine 3.5 micromoles of 


TaBLe Il 
Dependence of Extent of Cystathionine Cleavage upon Amount of Adenosine Triphosphate 
3 mg. of cystathionine (equivalent to 13.6 micromoles of cysteine), 2 cc. of enzyme 
solution, 0.001 m ZnSO,, total volume 15 ce. 
Labile phosphate Total cysteine 


added as adenosine 
triphosphate 


30 min 60 min 90 min 
micromoles micromoles micromole micromoles 
None 0.7 0.9 0.8 
7.1 3.8 1.9 4.6 
21.3 7.8 11.2 10.3 


TaBLe III 
Phosphate Turnover during Cleavage of Cysiathionine 
3 mg. of cystathionine, adenosine triphosphate (7.1 micromoles of labile P), 


0.001 m ZnSO,, 2 cc. of enzyme solution, total volume 15 ce 


Phosphate distribution 


Time Tota! cysteine 

Inorganic Acid-labile* Acid-stable 
min micromoles micromoles micromoles micromoles 

0 1.0 3.3 7.4 4.5 

30 3.5 3.4 5.1 6.7 

60 4.9 3.5 3.6 8.1 

90 4.5 3.6 3.1T 8.5 

Change +3.5 +0.3 —4.3 +4.0 


* Inorganic phosphate released by an 11 minute hydrolysis in 1 N H.SQO, at 100°. 
t Increased to 3.4 by 30 minutes hydrolysis in 1 N H.SO, at 100°. 


labile phosphate should be dissipated. The observed disappearance of 4.3 
micromoles is in agreement with this hypothesis, especially when it is 
recognized that the total cysteine found at 90 minutes was less than that 
found at 60 minutes. The agreement at 60 minutes is, therefore, somewhat 
better. The decrease in the total cysteine after 60 minutes was a constantly 
observed phenomenon and was probably due to the destruction of cysteine 
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by the enzyme desulfhydrase* or to an oxidation of the cysteine to cystine 
In control experiments in which no substrate was added, the labile phos- 
phate remained essentially unchanged during the 90 minute period of 
digestion. 

The labile phosphate dissipated in the reaction was distributed between 
an inorganic fraction and an acid-stable fraction with the greater quantity 
being found in the latter fraction. No significant increase in ammonia was 
detected at the end of the 90 minute period and, although the carboxyl- 
amino nitrogen was not determined, it is probable that the amino groups 
remained intact during the cleavage of the thio ether linkage. 

If the same mechanism of cleavage described for liver tissue of rats is 
valid in the intact animal, a definite relationship between this phase of the 
intermediary metabolism of an amino acid and the metabolism of car- 
bohydrates is established. The high energy phosphate of adenosine tri- 
phosphate developed by the oxidative breakdown of carbohydrates would 
be utilized by the animal to carry out an essential metabolic transformation 
of one amino acid to another. The amino acids involved in the transforma- 
tion would contribute to the energy needed in the transformation only in so 
far as they are precursors of carbohydrate or other materials utilized in the 
formation of phosphate bonds of high energy. 


SUMMARY 


Cystathionine, a possible intermediate in the conversion of methionine to 
cystine by the animal organism, is cleaved with the formation of cysteine by 
an enzyme system derived from the liver of the rat through a mechanism 
involving a simultaneous transfer of the terminal phosphate group of high 
energy of adenosine triphosphate. It is suggested that the cleavage of the 
thio ether is effected by the addition of phosphate at the carbon-sulfur bond. 
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‘The term desulfhydrase has been suggested by C. V. Smythe to describe the 
enzyme which removes hydrogen sulfide from cysteine. 














STUDIES ON PITUITARY LACTOGENIC HORMONE 
X. THE EFFECT OF A DETERGENT * 


By CHOH HAO LI 
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(Received for publication, May 23, 1944) 


It has been shown that the lactogenic hormone is not reduced in bio- 
logical activity by treatment with urea if the urea is removed by dialysis 
before the bioassays (1). It is probable that urea denatures the hormone 
molecule and that the denatured protein reverts to its native state when the 
denaturing agent is removed. Since it is impossible to assay the hormone 
in urea solutions, it cannot be concluded that the hormone is active in such 
solutions. 

The increase in relative viscosity may be used as an indication of de- 
naturation in protein (2). In the presence of 3.0 m urea, the relative 
viscosity of lactogenic hormone is greatly increased. When the urea has 
been removed by dialysis, the original relative viscosity of the hormone is 
retained. The results are summarized in Table I. These experiments 
indicate clearly that a change of the hormone molecule occurs in the urea 
solution and that this change is a reversible process as judged by the vis- 
cosity measurements. 

Since detergents are good denaturing agents (4) and since proteins can 
be assayed biologically without the removal of detergents, it was of interest 
to see whether or not the lactogenic activity of the hormone is retained in 
the presence of a detergent. 

Fig. 1 shows the alteration in relative viscosity of lactogenic hormone in 
Nacconol! solutions. As is the case with urea, the relative viscosity of the 
hormone increases as the detergent concentration increases. When these 
solutions were assayed? in month-old squabs, the lactogenic activity was 
shown to be diminished (Table II). 

It has been demonstrated in the case of insulin (5) and egg albumin (6) 
that a complex formation occurs between the detergent and the protein. 
The rise of relative viscosity of lactogenic hormone in Nacconol solution 
may be due to change in the molecular shape of the hormone or to a hor- 


* Aided by grants from the Josiah Macy, Jr., Foundation, New York, and General 
Mills, Inc., Minneapolis, Minnesota. 

' Nacconol, N. R. 8. F., a detergent of the sodium alkylarylsulfonate type, manu- 
factured by the National Aniline Division, Allied Chemical and Dye Corporation. 

? I am indebted to Dr. H. M. Evans and Dr. M. E. Simpson for the bioassay of 
the solutions. 
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mone-detergent complex formation. Since attempts to remove the deter- 
gent from the hormone were unsuccessful, it is likely that a complex is 
formed between Nacconol and the hormone. 


TABLE [| 


Relative Viscosity of Lactogenic Hormone in 3.0 u Urea at 25 


Lactogenic hormone Concentration Relative viscosity 

per cont 

In 3.0 m urea 0.57 1.058 
0.43 1.043 
0.21 1.022 

After removal of urea by dialysis 0.60 1.029 
0.34 1.015 
0.26 1.011 

In pH 7.0 phosphate buffer* 0.55 1.025 
0.39 1.020 
0.28 1.014 


* Taken from Table I of Paper VIII (3). 


TABLE II 


Bioassays of Lactogenic Hormone in Month-Old Squabs 


Concentration Total dose 





; ~ tye of lactogenic Route of injection Crop reaction* Estimate 
~ phate buffer hormone 
per cent me. | | im per me. 
| | 
0 | 0.2 Intramuscular T,T, 7 30 
0.1 Subcutaneous +, tT, 74 ‘ 
2 1.0 Intramuscular | +, +, +, +, + 
| 0.4% : i +,+,+ m 
0.40 a -,+,+ 
0.20 naa -,_-,-;,-,7-;,7- 
3.8 1.0 Subcutaneous 2+, 2+,2+,34+,2+,4+ 
0.75 - | 2+, +, 2+ 5 
0.50 ee -,-,-,- 
3.8 2.0 Intramuscular +,+,+ 
1.5 a |-,+,- a" 
“ce | ‘ 
1.0 -,-,- 
0.5 ee -,-,- 


* The lactogenic activity was classified into one of four arbitrary groups ac- 
cording to the degree of proliferation in the crops, + being the minimal detect- 
able response and the maximal reaction 4+. 


Previous experiments (7, 8) indicate that the biological activity of 
lactogenic hormone depends on the intrinsic structure of tyrosine and 
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amino groups in the molecule. If the hormone-detergent complex forma- 
tion occurs, the loss of lactogenic activity may be due to interactions be- 
tween the detergent and either or both of these groups. 
EXPERIMENTAL 
The methods for the measurement of viscosity and density have been 


described in a previous paper (3). The urea used was the c.p. grade with- 


wo 
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PERCENT PROTEIN 


Fic. 1. Relative viscosity of lactogenic hormone plotted against the protein 


concentration in weight per cent. 


out further purification. The detergent was also not further purified. 
The lactogenic hormone used had been shown to be homogeneous in the 
electrophoresis experiments and was prepared according to the method 
described previously (9) from sheep pituitary. The bioassay of the hor- 
mone was carried out in month-old squabs as is usually done in this labora- 
tory (9) and had a potency of 25 to 30 1.vU. per mg. 


SUMMARY 


The relative viscosity of lactogenic hormone solutions in the presence of 
urea and of a detergent (Nacconol) has been determined. The increase of 
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viscosity and coincident lowering of biological activity of the hormone in 
detergent solutions have been demonstrated. 
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THE INFLUENCE OF SUPPLEMENTARY CASEIN, CYSTINE, 
AND METHIONINE ON LIVER LIPID CONTENT 
OF ADULT RATS 


By MARJORIE G. HORNING* anp H. C, ECKSTEIN 


(From the Department of Biological Chemistry, Medical School, University of Michigan, 
Ann Arbor) 


(Received for publication, May 25, 1944) 


In recent reviews on the relationship of choline and allied substances to 
lipid metabolism (1, 2) considerable space has been allotted to the question 
of the influence of amino acids and protein on liver lipid content. It has 
been generally observed that the accumulation of unusual amounts of 
“fat”? that occurs in the livers of rats on a basal diet low in protein and high 
in fat (7.e., a lipogenic diet) can be prevented by adding either free methio- 
nine or additional proteins containing methionine to the ration. When such 
a basal diet is supplemented with cystine, as the free amino acid, the level of 
liver lipid content is even higher than when the lipogenic diet is fed alone. 
The response obtained with methionine is currently ascribed to the presence 
of a labile methyl group, but divergent opinions have been given to account 
for the results obtained with protein. In the minds of Channon and co- 
workers (3) “either some other amino acid exerts lipotropic action or 
alternatively added methionine is incapable of exerting its full action in 
the absence of some other protein constituent.” On the other hand, 
Eckstein and his coworkers at Michigan (4, 5) believe that the resultant 
effect of different dietary proteins on liver lipid content can be ascribed to 
their methionine and cystine contents. With the exception of threonine 
and hydroxyglutamic acid, all of the naturally occurring amino acids have 
been studied with respect to their influence on liver lipid content and none 
has been found to behave like cystine or methionine (5-7). Beeston and 
Platt (6) at one time reported that tyrosine exhibits some lipotropic action, 
but even this has recently been denied (7). Channon and associates (7) 
have embarked on a new method of attack by comparing the effect on 
liver lipid content of the addition of different fractions of casein hydroly- 
sates to a lipogenic diet. Their observation that casein, completely hydro- 
lyzed with sulfuric acid, is as effectively lipotropic as the original protein 
indicates that protein constituents concerned with this phenomenon are not 
significantly altered by the prolonged action of this mineral acid. In a 


* This report is from a thesis submitted by Marjorie Janice Groothuis in partia 
fulfilment of the requirements for the degree of Doctor of Philosophy in the Horace 
H. Rackham School of Graduate Studies of the University of Michigan. 
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series of additional experiments native casein, the butanol-soluble fraction 
of completely hydrolyzed casein, and the butanol-insoluble portion of such 
a hydrolysate were added separately to a lipogenic diet (Diet G). The 
methionine, cystine, and tyrosine contents of these supplemented rations 
were equalized by the addition of the amino acids in the free form. Tyro- 
sine was included because of their belief that it might, in conjunction with 
other protein constituents, influence liver lipid content. Their data show 
that a lipotropic action occurred when basal Diet G was supplemented in 
these three ways. The butanol-soluble fraction proved to be most effee- 
tive, while the butanol-insoluble portion was least efficient. These obser- 
vations led to the conclusion that the butanol-soluble fraction of hydrolyzed 
casein contains more of an additional amino acid which decreases liver 
“fat” content or less of one which accelerates liver lipid deposition. In 
other experiments Diet G was supplemented with (a) 15 per cent casein, 
(b) 15 per cent gelatin plus methionine, cystine, and tyrosine, and (c) 
methionine, cystine, and tyrosine. The amounts of the free amino acids 
added in (b) and (c) were sufficient to equalize their content in all three 
diets. All three of these supplemented rations proved to be lipotropic and 
the average value for liver lipid content was essentially the same in the 
three cases. Evidently the equalization of the content of the three amino 
acids in the diets was sufficient to produce the same degree of lipotropie 
action. These findings adequately support the view held at Michigan, 
and thus in the same investigation different methods of attack supply oppos- 
ing answers to the problem. Treadwell, Groothuis, and Eckstein recently 
(8) observed that the liver lipid content of young rats on a basal lipogenic 
diet supplemented with methionine was significantly lower than that of 
young rats in which the methionine content of the ration was increased to 
the same extent as above by the addition of casein. These findings sug- 
gested that methionine in the free form is superior to casein so far as lipo- 
tropic action is concerned. However, in discussing this apparent compli- 
cation Treadwell et al. (8) carefully pointed out that the inferior response 
obtained with casein might be ascribed to the greater increases in growth 
that occurred when the protein was used as the supplement. Larger 
amounts of newly formed tissue were undoubtedly laid down by these 
young rats on this high protein régime, and the additional methionine was 
thus required for the deposition of extra amounts of tissue protein. In 
view of thisjncreased requirement, less methionine may have been available 
for lipotropic action. It was therefore suggested that it would be desirable 
to repeat these experiments with adult rats in the light of the belief that the 
protein requirement of the rat decreases with age. According to Hamilton 
(9) young rats require from 16 to 20 per cent of whole egg protein for 
maximum gains in body weight, whereas 4 per cent of this material is 
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sufficient for the maintenance of nitrogen equilibrium in mature rats (10) 
(weight 250 gm.). In addition, Mitchell and Carman have demonstrated 
(11) that, in contrast to the significant rise in the percentage of total lipids 
of the whole rat that accompanies increase in age, a small but definite fall in 
the per cent of total nitrogen occurs as rats become older. It is evident 
therefore that, as growth proceeds, the increases in weight can more and 
more be ascribed to the deposition of greater proportions of fat, and it 
should follow that with this increase in age less methionine needs to be 
requisitioned for growth and more should be available for other purposes. 
The investigation to be described was carried out with these ideas in mind. 

Adult male rats (weight 250 gm.) were placed on a basal lipogenic diet 
supplemented with amino acids in the same manner as in the experiments 
with young rats referred to above (8). This basal diet consisted of 2 per 
cent agar, 5 per cent casein, 40 per cent lard, 5 per cent salt mixture (12), 
and 48 per cent glucose. In addition each rat received 1 dry yeast tablet 
(500 mg.) and 2 drops of cold liver oil daily. When the supplements of 
casein and the amino acids specified in Table I were added to the basal diet, 
equivalent amounts of glucose were withheld. Cystine was added to the 
diets in order to make these experiments comparable with our previous 
experiments with young rats (8). The experiments were terminated at the 
end of 3 weeks. The method for total lipids differed slightly from our 
regular procedure (14) in that the livers were first frozen in dry CO:, and 
then pulverized in a metal crusher (15) prior to the usual extraction with 
alcohol and ether. 

Table I contains a summary of the results obtained in this investigation 
as well as some of the data previously secured in this laboratory with young 
rats (8). The latter are included for the sake of comparison. It is evident 
that fatty livers can be produced when the basal ration is fed to either 
young or old rats. This is illustrated in Series I, in which the average 
liver lipid contents of the old and young rats are 24.2 and 23.6 per cent 
respectively. In the remaining experiments, significant differences were 
observed between the responses of the young and old rats to dietary 
changes. Thus in Series II, the average value for liver lipid content of the 
older rats (Group 3), receiving the basal diet supplemented with the free 
amino acids, is practically the same as the corresponding value for the older 
rats in Group 17 in which case the methionine content of the diet was in- 
creased by the addition of casein. On the other hand, the average value 
for liver lipids of the young rats in these two groups differed decidedly, the 
respective values for Groups 3 and 17 being 11.2 and 26.3 per cent. These 
observations are confirmed in Series III in which identical values are 
recorded for the adult rats in Groups 4 and 18, and marked differences are 
reported for the young in these groups. In Series IV the values 9.5 and 
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10.8 per cent for the adult rats in Groups 6 and 19 respectively compare 
well with each other, while those for the young (15.7 and 26.5 per cent) 
differ significantly. In Series V, the values for the adults are again in close 
agreement with each other, whereas those of the young are appreciably 
different. 

The data on change in body weight show that all of the rats on the sup- 
plemented diets gained in weight and that the gains were greater when 


TABLE | 
Influence of Supplementary Casein, Cystine, and Methionine on Liver Lipid 
Content of Adult Male Rats 

The roman numerals in the first column refer to the series. The cystine and 
methionine contents of the diets in the individual series are (mg. per cent) respec- 
tively as follows: Series I (17 and 155), Series II (217 and 620), Series III (417 and 
620), Series IV (817 and 620), Series V (617 and 775). The cystine and methionine 
in the casein supplements were calculated from the analysis given by Kassell and 
Brand (13). The duration of the experiments was 21 days. The data in the last 
column were obtained in a previous publication (8). Liver lipids were calculated on 
the fresh basis. The values in parentheses are the variations for the individual rats. 

Eight rats were employed in Series I, and seven in each of the remaining series. 





Supplements added to | Aver- 


Group and 100 gm. diet daily ae Liver lipids (adult Liver lipids (young 
series No. —_ _ ~~ weight rats rats 
Casein | Cystine — intake | 
gm. meg. me. | gm. per ceni per cent per cent 

8-I 0 0 0 |} 11.8 | —1.1 | 24.2 (10.5-34.2) | 23.6 (15.9-34.4) 

3-II 0 200 465 | 10.8 | +9.3 9.5 (7.4-12.0) | 11.2 (7.0-15.0) 

17-II 15 149 | 0 | 10.8 |+21.3 9.9 (7.4-12.8) | 26.3 (22.2-32.4) 

4-III 0 400 | 465 | 11.3 |+10.5 | 10.5 (7.3-13.6) 14.0 (7.2-18.5) 

18-IIT 15 349 0 | 10.8 |+22.4 | 10.5 (6.2-16.8) | 20.6 (13.0-28.4) 

6-IV 0 800 465 | 10.0 |+10.3 9.5 (8.2-11.6) 15.7 (11.6-20.3) 

19-IV 15 749 0 9.9 |+21.7 | 10.8 (7.8-14.7) | 26.5 (21.6-33.0) 

12-V 0 600 | 620 | 11.3 | +7.1 | 11.7 (9.0-15.6) 9.9 (5.8-13.0) 
2); 11.1 (7.1-17.9) | 19.8 (14.6-30.4) 


15-V 20 532 0 | 11.0 |+21. 


casein was used as the supplement. While no data were obtained on the 
total lipid content of the whole animals, it was strikingly evident from mere 
inspection that in all of these older animals large amounts of fat were 
deposited. This was not the case in the younger rats. In view of these 
observations and the reports from Mitchell’s laboratory (9-11), it is our 
opinion that less methionine is needed for increases in weight in the older 
rats and hence more is thus available for lipotropic action. This will serve 
to explain the differences between the results obtained with the adult 
animals and our previous findings (8) with young rats. In Series IT to IV 
inclusive the content of dietary amino acids other than methionine and 
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cystine was increased 4-fold when casein was used as the supplement. In 
Series V this increase was 5-fold. In spite of these wide variations, the 
liver lipid content of all of the older rats was essentially the same. Cer- 
tainly in these adult animals the lipotropic action can be ascribed to the 


methionine content of the diets only. 


SUMMARY 


In experiments with adult male rats (weight 250 gm.) a basal diet con- 
taining 5 per cent casein was, so far as lipotropic action is concerned, just as 
effective when supplemented with methionine and cystine as when supple- 
mented with sufficient amounts of cystine and casein to equalize the con- 
tent of the two sulfur-containing amino acids in the two diets. When the 
basal diet was supplemented with casein, the protein content was increased 
from 5 to 20 per cent in some instances and from 5 to 25 per cent in others. 
Evidently the 4- and 5-fold increases in dietary amino acids other than 
cystine and methionine were without influence on liver lipid content and it 
is concluded that in these adult rats the effects of the diets on liver lipid 
content may be explained entirely by their content of cystine and methio- 


nine. 
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ENZYMATIC SYNTHESIS OF ACETYL PHOSPHATE* 


By FRITZ LIPMANN 


(From the Biochemical Research Laboratory, Massachusetts General Hospital, Boston) 
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Earlier reported preliminary results with bacterial enzyme preparations 
(1, 2) led to a formulation of pyruvate oxidation to yield acetyl phosphate 
as the primary reaction product in the following manner.’ 


—2H 
CH,;CO-COOH + H-OPO,H, ———» CH;CO-OPO;H; + CO; 


In order to prove this suggestion, a study of the chemistry of acetyl phos- 
phate was undertaken and eventually a method of determination and a 
simple synthesis were worked out (3). With these available, on oxidation 
of pyruvate the appearance of a labile organic phosphate was observed (4) 
which closely resembled acetyl phosphate. The present communication 
reports upon the isolation of this intermediary and its identification with 
acetyl phosphate. The second part of the paper deals with the linking 
between pyruvate oxidation and adenylic acid phosphorylation through 
acetyl phosphate as the intermediary. This transfer of the phosphory!] 
group between acetic and adenylic acid was found to be reversible. 


Enzyme Preparations 


Bacillus acidificans /ongissimus Lafar was used as the source of the 
enzyme system. This organism is classified ordinarily with the delbrueckii 
group (5). The original culture had been obtained in 1937 from the Insti- 
tut fiir Gaerungsgewerbe in Berlin. This culture had been discontinued, 
and, when these studies were taken up again, such strains of Lactobacillus 
delbrueckii as were available in this country were tried. Three strains were 
kindly supplied by Professor W. H. Peterson. None of them was found to 
contain the stable pyruvic acid enzyme, although at least one, Lactobacillus 
delbrueckii 3, of this collection was almost indistinguishable in shape and 
behavior from Bacillus acidificans. Eventually, a culture of the original 
Bacillus acidificans longissimus was secured from England through the 
courtesy of Dr. J.G. Davis who fortunately had continued the cultivation of 
the organism in which he had discovered (6) the unusually stable pyruvic 
oxidase system here under investigation. 

* This work was supported by a grant from the Commonwealth Fund. 


‘To avoid a discussion of the state of ionization, seemingly not necessary here, 
throughout this paper compounds are written in the form of free acids. 
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The organism was grown in a medium containing 15 gm. of malt extract 
(Difco), 20 gm. of glucose, 10 gm. of calcium carbonate, and 70 ml. of yeast 
autolysate in | liter of tap water. After 25 hours incubation at 37°, the re- 
maining calcium carbonate was removed by low speed centrifugation. The 
bacteria were collected by continuous centrifugation through a cream sepa- 
rator (McCormick-Deering). The paste was washed once by suspending 
it in one-tenth the original volume of a solution containing 0.6 per cent 
sodium chloride and 0.2 per cent sodium bicarbonate. 

Drying Procedure—The washed paste is spread about | mm. thick on 
large watch-glasses. It is dried quickly in vacuum desiccators over phos- 
phorus pentoxide. When samples of 1 to 2 gm. of the dry material are 
handled, most of the water may be removed in $ to | hour, if a good vacuum, 
preferably by means of an oil pump, is applied. To complete the desicca- 
tion the material is kept in vacuo overnight. 1 to 1.5 gm. of dry material 
was obtained per liter of culture fluid. 

Characteristics of Dry Material—In the early stages of these studies an 
acetone preparation had been used (7). Vacuum drying yields prepara- 
tions of greater stability and more varied activity. A further advantage is 
that these preparations contain the pyruvic oxidation system in extractable 
form. AIl experiments reported in this communication were carried out 
with vacuum-dried bacteria or derivatives thereof.’ 

The stability of these preparations is remarkable. ‘The majority of the 
experiments reported here were done with preparations kept since 1938. 
First they were kept for 3 years at refrigerator temperature. Then, as a 
slight decrease of activity was observed, the storage was continued at —35°. 
No further loss of activity has occurred under these conditions. The activ- 
ity of dry preparations from different batches was rather constant. The 
Qo, with pyruvate was 7 to 10, at pH 6.3 and 37°. 

Preparation of Enzyme Extracts—The dry material is very carefully 
ground to a dust-fine powder and suspended in 10 to 15 times its weight of 
0.03 m secondary phosphate solution. Vigorous shaking is needed to ex- 
tract the enzyme. The suspension is shaken for 30 minutes at 37° with 160 
excursions per minute. A slightly misty, yellow-brown solution is obtained 
by the use of an ordinary centrifuge. Without loss of activity, perfectly 
clear solutions were obtained by centrifuging at 15,000 rR.p.m. The protein 
content of such extracts is approximately 1 per cent. The extractability of 


* These preparations contain the glycolytic system. The fermentation is accom- 
panied by an extensive disappearance of inorganic phosphate. In a typical experi- 
ment, 85 mg. of dry bacteria were suspended in 1 ml. of 0.1 mM bicarbonate solution 
containing 1.13 mg. of phosphate P and 50 mg. of glucose. Acid formation was 
measured manometrically with pure carbon dioxide as the gas phase. In 45 minutes 
917 microliters of lactic acid were formed and 0.64 mg. of inorganic P had disappeared. 


t 
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the enzyme system varied from sample to sample, sometimes being lower 
than in the cited experiments. 

Example—In a 100 ml. Erlenmeyer flask 0.55 gm. of powdered dry bac- 
teria, 2.5 ml. of 0.1 m disodium hydrogen phosphate, and 4.5 ml. of water 
were shaken for 30 minutes in a bath at 37.5°. 4 ml. of extract of pH 6.5 
were obtained. To 1 ml. of enzyme solution 0.25 ml. of molar pyruvate 
was added, and oxygen consumption was measured at 37.5°. 695 micro- 
liters of O. were used in 60 minutes. This corresponds to a Qo, of 70. 

In a few experiments enzyme solutions derived from Clostridium butyli- 
cum were used. This material was kindly supplied to us by Dr. H. J. Koep- 
sell and Dr. Marvin J. Johnson. It was the dry material obtained by lyo- 
philizing the extract of frozen organisms. The procedure is described in the 
paper of Koepsell and Johnson (8) on pyruvate metabolism in extracts of 


Clostridium butylicum. 


Analytical Procedures 

Manometric measurements were carried out in the usual manner with 
conical and oblong rectangular vessels of 15 to 20 ml. volume. The oblong 
type (no inner cup) was used when efficient shaking of a heavy, rapidly 
metabolizing suspension was required. The metabolism of pyruvate was 
followed either by measuring oxygen consumption, with alkali in the inner 
cup, or by following CO, production. With large amounts of pyruvate the 
respiratory quotient is very exactly 2 and accurate calculation of the total 
CO, is possible by the use of the following formula, slightly modified from 
that of Warburg (9). 


oer , Koco, X Ko 
Microliters CO. = mm. reading X a Kew : 
. co 

Ko, - — aa 

R.Q. 


A close agreement was found between manometric and titrimetric estima- 
tion of pyruvate utilization (cf. Tables IT and V and Table I with Fig. 1). 

Pyrwate was determined titrimetrically by the iodometriec method of 
Clift and Cook (10). 

Phosphate Fractions—Inorganic phosphate, referred to as P;, was esti- 
mated colorimetrically according to Fiske and Subbarow (11). The color 
was equalized by warming to 37° for 7 minutes (12). 

Acetyl phosphate, referred to as P,., was determined by the procedure of 
Lipmann and Tuttle (3) as the difference between apparent phosphate and 
the phosphate precipitable with alcoholic CaCl, at neutral reaction. 

Adenyl polyphosphate, is referred to as P;, representing the “‘easily hydro- 
lyzable” phosphate liberated by heating with normal hydrochloric acid for 7 
minutes in a boiling water bath. 
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Acetic acid was determined by steam distillation. 100 ml. of distillate 
were collected and titrated with x/60 sodium hydroxide. A standard curve 
was prepared. It deviated slightly from theory only for titrations requiring 
below | ml. of hydroxide solution. 

Silver was titrated in strongly acid solution with 0.01 N sulfocyanide, a 
drop of 20 per cent ferric ammonium sulfate being used as indicator. 

Preparations. Sodium Pyruwate—aA 15 to 30 per cent solution of freshly 
distilled pyruvic acid is cooled and neutralized slowly by adding solid sodium 
bicarbonate, the amount used being not more than 90 per cent of the bicar- 
bonate needed for complete neutralization. The sodium pyruvate is pre- 
cipitated by mixing with 5 to 6 volumes of acetone and keeping it in the 
refrigerator overnight. A 95 per cent pure preparation was obtained in 
good yield without reprecipitation. 

Acetyl phosphate was synthesized according to Lipmann and Tuttle (3). 
The silver salt was stirred with a 10 per cent excess of sodium chloride. The 
filtered solution was kept frozen at —35°. In this form the solution may be 
kept for weeks without loss. 

Adenylic acid was a preparation which had been kindly supplied to us by 
Dr. P. Ostern. 

Adenyl pyrophosphate was prepared by the procedure described by 
Dorothy M. Needham (13). 


Interdependence of Phosphorylation and Pyruvate Utilization 


In preparation for an isolation of the labile phosphate compound, the 
conditions of its formation and stabilization were studied, especially to find 
the optimum concentration of the reactants, pyruvate and phosphate. In 
Table I the yield of acetyl phosphate is compared with the initial phosphate 
concentration. The tabulated end-point analyses are supplemented by the 
curves of Fig. 1, showing the time course of oxidative decarboxylation. It 
appears that, except for the lowest concentration of phosphate, at first the 
carbon dioxide output is relatively independent of phosphate concentra- 
tion. The fairly sudden drop in carbon dioxide formation which occurs at 
lower phosphate concentrations is due to a depletion of inorganic phos- 
phate. It may be concluded from these data that the system is saturated 
with phosphate at concentrations of 5 to 6 mm per liter. Conversion of 
inorganic phosphate into acetyl phosphate leads, at low phosphate concen- 
tration, to exhaustion of the supply of inorganic phosphate and consequent- 
ly to the standstill of the reaction. At higher phosphate concentration con- 
tinuous decomposition of accumulating acetyl phosphate, spontaneous and 
enzymatic, yields enough inorganic phosphate to metabolize the total 
pyruvate at a fairly homogeneous rate (cf. the last two lines in Table I). 
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TaBLe I 
Ratio of Acetyl Phosphate Formation to Pyruvate Utilization 
Suspension of 40 mg. of dry bacteria in 0.013 m sodium acetate and 0.033 m sodium 
fluoride solution, with addition of varying amounts of inorganic phosphate. Total 
volume per vessel 0.75 ml., bath temperature 37°, air as gas phase. 48 micromoles of 
pyruvate added at the start. 








sas Incubation Pyruvate Pee 
Pj, initial time Py Po titrimetric) anne wy 
’ disappearance Pyruvate/2 
min micromoles micromoles micromoles 
2.0 10 0.8 1.2 1 
6.5 40 0.8 4.8 12.5 0.77 
16.5 40) 5.2 11.3 30 0.75 
16.5 100 3.7 12.8 44.4 0.57 
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Fig. 1. The effect of phosphate concentration on initial rate and fime course of 
pyruvate oxidation. The rising curves represent carbon dioxide evolution, the 
corresponding falling curves acety] phosphate formation. 
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\s a convenient expression for the ratio between oxidative decarboxyla- 
tion and phosphorylation the quotient P../O2, equaling P.-/(pyruvate/2), 
was used. The values of this phosphorylation quotient, listed in the last 
columns of Tables I and II, serve as a measure of the stabilization of acetyl] 
phosphate. The stabilizing action of fluoride is pronounced. By 0.03 m 
fluoride the breakdown of added acetyl phosphate was usually inhibited 
somewhat more than 50 per cent. An acy! phosphate-splitting enzyme has 
been found quite commonly in bacterial and animal cells. 


Taste I] 
Effect of Fluoride on Stabilization of Acetyl Phosphate 


“ent Character of preparation Fluoride —— O.* P. P; = 
pa - micromoles micromoles | micromoles | micromoles 

l Extract, 65 min. ineu- | 0 200 27.5 16 24 0.58 
bation 0.033 200 28 20.5 21 0.73 

0.033 0 } 0.5 4] 

2 Suspension, 42 mg. per| 0 72 35 5 20 0.14 
vessel, 140 min. incu- 0.033 72 34.5 19 8.4 0.55 
bation 

3 Suspension, 50 mg. per) 0.037 250 27.5 8.2 24.3 0.3 
vessel, Preparation 
38 

Preparation 39, 80 min.) 0.037 250 29.5 19.3 13.2 0.65 


incubation 


* In Experiment 1 oxygen consumption was measured, while in Experiments 2 and 
3 carbon dioxide production was measured and oxygen consumption was calculated 
for R.q. 2. 

t In accordance with the manometric measurement only traces of pyruvate were 
found chemically at the end of this experiment. 


The values for the phosphorylation quotient are seen more or less to 
approach unity. / mole of acetyl phosphate may form, therefore, per mole 
of oxygen used and per oxidation of a total of 2 moles of pyruvate. It had 
been shown previously (7) that half of the pyruvate is oxidized non-enzy- 
matically by hydrogen peroxide arising in the primary enzyme reaction 
through reoxidation of the leucoflavin enzyme. 

Enzymatic—CH,COCOOH + H,PO, + flavin-thiamine enzyme — 

CH;COOPO;H, + CO, + leucoflavin-thiamine enzyme 


Leucoflavin + O. — flavin + H.0, 


Non-Enzymatic—H,O, + CH;COCOOH + H.0 — CH,COOH + CO, + 2H,0 








F. LIPMANN 61 


The secondary oxidation of pyruvate with hydrogen peroxide was found 
not to vield acetyl phosphate, at least not in water or at low phosphate con- 
centrations. However, Baer (14) described recently a non-enzymatic 
oxidation by lead tetraacetate of pyruvie and phosphoric acids which yields 
acetylphosphoric acid. 

Isolation of Acetyl Phosphate 


Outline—-1 gm. samples of dry bacteria were shaken, in the presence of 
fluoride, with phosphate and pyruvate in a proportion of 1:2.5, until the 
pyruvate had nearly disappeared. Then 5 times the volume of ethanol was 
added. After centrifugation, the supernatant fluid was reduced in vacuo to 
a small volume. From this, acetyl phosphate was precipitated with con- 
centrated silver nitrate solution and ethanol. The crude silver fractions 
from several such experiments were combined. For final purification the 
silver fractions were dissolved with equivalent amounts of sodium chloride 
and reprecipitated by excess silver nitrate. After several such reprecipi- 
tations pure silver acetyl phosphate was obtained. 


Enzymatic Synthesis. Deproteinization 


| gm. of dry bacteria was finely powdered and rubbed with 10 ml. of a 
solution, 0.05 M in potassium phosphate, of pH 7, and 0.05 m in sodium 
fluoride. The pH of the suspension was 6.3. A total of 2.5 ml. of 0.5m 
sodium pyruvate solution was added to the 10 ml. The suspension was 
shaken with air at a rate of 150 oscillations per minute in a bath of 37°. To 
follow the reaction, | ml. of the suspension was brought into a manometric 
vessel. After 2 hours the rate of reaction had slowed down considerably. 
At that time 113 micromoles of CO, had been evolved from 125 micromoles 
of pyruvate. Usually 60 to 70 per cent of initial inorganic phosphorus had 
then been converted to acetyl P. 

The experiment was interrupted now, and the bacterial débris was re- 
moved by centrifugation and washed with 5 ml. of water. The combined 
centrifugates, amounting to about 15 ml., were cooled, and with a few drops 
of normal nitric acid the pH was adjusted to approximately 4. Without 
delay 75 ml. of ethanol were added, the mixture was kept in ice for 30 
minutes to promote flocculation, and the precipitate was centrifuged off. 
The acidification makes protein precipitation with ethanol rather complete. 
Furthermore, subsequent vacuum distillation removes from the acid fluid 
most of the free acetic acid, which interferes with purification of the silver 
salt of acetyl phosphate. Acetyl phosphate is sufficiently stable at pH 4 
(3), especially in alcoholic solution. 

Crude Silver Fraction—The slightly turbid alcoholic fluid was brought into 
a 200 ml. Claisen flask. The alcohol and most of the water were then dis- 
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tilled off in vacuo, with an outside temperature of 30-32°. The receiver 
contained 1 ml. of normal sodium hydroxide and was packed in ice. After 
30 minutes, when the fluid had been boiled down to about 2 ml., the dis- 
tillation was discontinued. The flask was cooled in ice and left upright for 
a few minutes to collect the fluid in the bottom. The fluid was transferred 
with a finely drawn out pipette, the flask being washed twice with a few 
drops of water. A little flocculent precipitate was centrifuged off. An 
amount of 2.5 ml. of clear, slightly greenish fluid was obtained containing 
6.6 mg. of acetyl P and only traces of inorganic phosphorus, with reference 
to the initial 15 mg. of inorganic P a yield of 45 per cent. The absence 
of inorganic phosphate is due to its precipitation as alkali phosphate 
from the alcoholic solution. Without detectable loss, such solutions could 
be kept frozen for a week or longer. 

A crude silver precipitate was now obtained in the following manner. 
The 2.5 ml. remaining after vacuum distillation had been kept frozen at 
—35° for 3 days. To the frozen solution of pH 5.5 were added 1.6 ml. of 
20 per cent silver nitrate solution and 4 ml. of ethanol. A bulky precipi- 
tate formed, and the mixture was kept for 3 hours at —35°. With addition 
of an equal volume of alcohol, the ethanol concentration was brought to 66 
per cent, and the white precipitate centrifuged off and washed dry with 
alcohol and ether. 152 mg. of a slightly brownish product were obtained 
which contained 2.8 per cent of acetyl P, traces of inorganic phosphate, 
and 46 per cent of silver. Disilver monoacetyl phosphate contains 8.8 per 
cent of P and 61 per cent of silver. The first precipitate, therefore, con- 
tained approximately 30 per cent acetyl phosphate. 

In the form of the silver salt even the impure product may be kept practi- 
cally indefinitely. Moisture and light, of course, have to be excluded, and it 
is preferable to keep the desiccator in the cold room. 

Purification of Silver Fraction 

From four analogous experiments, uearly 0.5 gm. of crude silver salt of 
27.5 per cent purity was obtained. Of this, 457 mg., containing 1.96 mm of 
silver, were suspended in 7 ml. of ice-cold water, and stirred mechanically 
with outside cooling until a homogeneous suspension resulted. Then, 1.8 
ml. of molar sodium chloride were added dropwise, and the stirring was 
continued for 15 minutes. A dirty white precipitate separated out on 
standing. Without removal of the precipitate, 0.5 ml. of molar calcium 
nitrate solution was added, followed by 1 ml. of ethanol. Only a slight 
precipitate of calcium phosphate formed. After a few minutes standing, 
the combined precipitates were centrifuged off. All manipulations de- 
scribed in this and the following paragraphs require, of course, effective 
cooling, although it was not found necessary to use a cooled centrifuge. 
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To the clear and colorless supernatant 3 ml. of 20 per cent silver nitrate 
solution were added, and a rather copious white precipitate settled out. The 
solution was frozen briefly and while frozen its centrifugation was started. 
On centrifugation the solution had thawed and the precipitate (I) had col- 
lected at the bottom. To the supernatant an equal volume of ethanol was 
added and it gave an appreciable further precipitation (II). Precipitate IT 
was dried with alcohol and ether. 

Precipitate I was dissolved, without washing, by excess nitric acid. The 
solution was then neutralized cautiously to pH 5 with sodium hydroxide 
solution. An equal volume of ethanol was added and the slightly brownish 
(silver oxide) precipitate was dried with alcohol and ether. Precipitates I 
and IT, each amounting to somewhat over 30 mg., gave very similar analyses 
and were combined. 

This product contained 6.7 per cent acetyl P, 1.5 per cent of inorganic 
phosphorus, and 43 per cent of silver. The purity had increased in this 
step to around 65 per cent. Some decomposition, however, had occurred as 
indicated by the appearance of inorganic phosphate. This was due mostly 
to dissolving in acid and reprecipitation with alkali, a procedure which is 
effective with barium fractions but not recommendable with silver prepara- 
tions. 

The 65 mg. of the combined preparations, containing 0.26 mM of Ag, 
were suspended in | ml. of water. When the material was stirred, the re- 
action of the suspension became faintly acid to Congored paper, while much 
of the compound dissolved. With continued stirring 0.23 ml. of normal 
sodium chloride was added, also 3 drops of ethanol to counteract frothing. 
The silver chloride was filtered off by suction on a micro funnel (15) and 
rinsed with 0.25 ml. of water. The filtrate was neutralized with 3 drops of 
(0.35 N barium hydroxide solution, and a drop of normal calcium nitrate and 
0.25 ml. of ethanol were added. The calcium phosphate was filtered off 
and 0.7 ml. of 20 per cent silver nitrate solution was added. After the 
mixture had stood in ice water for 20 minutes, the silver precipitate was 
collected on the centrifuge, this time without addition of more alcohol. It 
was washed with 50 per cent alcohol and dried with aleohol and ether. 

The yield was 23 mg. The analytical data, given on the third line in 
Table ITI, indicate the rather high degree of purity. After analysis there 
remained 12 mg. They were suspended in 1.25 ml. of water. Most went 
into solution, leaving some flocculent yellowish material undissolved. The 
pH of the solution was about 6, and, in order to neutralize fully, a little 
freshly precipitated silver carbonate was added. The solution was sucked 
through a micro filter and reduced in vacuo until crystals started to settle 
out. An equal volume of alcohol was added now, and the partly crystalline 
material was collected on the centrifuge, washed with alcohol and ether, and 
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kept overnight in a vacuum desiccator over phosphorus pentoxide. The 
vield was 8.1 mg. The analysis of this compound shown on the fourth line 
in Table III agrees with the composition of disilver monoacety! phosphate. 
Since the acidified solution of the compound decomposes readily on heat- 
ing (3), the acetic acid content is easily determined by steam distillation. 
The identity of the volatile acid was ascertained in the following manner. 
The steam distillate was neutralized with some excess of sodium hydroxide, 
dried on the steam bath, and a Duclaux distillation was carried out. In 
practical agreement with a yield of 43.3 per cent for pure acetic acid, 42.4 
per cent of the volatile acid present in the isolated silver salt distilled with 
the first 10 ml. in our apparatus. For further identification, a little freshly 
prepared uranyl carbonate was dissolved with cautious heating in a drop of 
distillate. On addition of a crystal of sodium chloride typical pyramids of 
sodium urany] acetate formed copiously .* 
Tase III 


Progress of Purification of Silver Salt 


The values are given in per cent. 


Fractions Py Pac Ag Acetic acid 
Initial.. 0.5 3.0 16 
Ist reprecipitation 1.9 6.2 43 
2nd 7 , 0 7.3 52 17.2 
3rd ™ 0 8.5 63 17.4 
Calculated for C;H,;O;PAg, 8.78 61.0 17.0 


Coupling between Pyruvate Oxidation and Adenylic Acid Phosphorylation 


Rather crude experiments had indicated earlier (1) that an enzymatic 
transfer of phosphoryl may occur from acetyl phosphate to adenylic acid. 
These observations have been corroborated now. © It appears that in the 
bacterial enzyme system the over-all transfer of inorganic phosphate to 
adenylic acid by way of pyruvate oxidation can be differentiated into two 
phases, the oxidative generation of the energy-rich phosphate bond in ace- 
tyl phosphate and the transference of phosphory! from acetyl phosphate to 
adenylic acid. The analysis of the first step of this sequence was described 
in the preceding paragraphs. The following will deal with the coupling re- 
action and the distinction of its two phases, generation and transfer of 
bonded phosphate. 

Yield of Adenyl Phosphate—The current nomenclature, referring the 
series of adenyl phosphates to adenosine as mother substance, is misleading 


‘ For carrying out these identity tests, I am thoroughly indebted to Dr. H. Albert 
Barker, Berkeley, who at the time of these experiments was a guest of this laboratory 
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because this usage treats as equal two essentially different phosphate bond 
types. Adenylic acid, the adenosine monophosphate, contains an ordinary 
ester bond only, while adenosine di- and triphosphate contain one and two 
energy-rich bonds in addition to the ester bond. We use a nomenclature 
referring to adenylic acid as the mother substance of the series. This avoids 
ambiguity and focuses attention on the metabolically active phosphorv! 
radicals. As a group term adenyl phosphate is used. Adenyl di- or pyro- 
phosphate, and adenyl monophosphate are conveniently shortened to 
ad~ph~ph and ad~ph respectively. The sign ~ph is used for the 
energy-rich phosphate bond in its various forms, as has been recommended 
earlier (16). 

As shown in Table IV, between 0.25 and just over 0.5 mole of P; per mole 
of oxygen appeared. There is significant variation with different batches 


TaBLe IV 
Ratio of Oxygen Uptake to Adenylic Acid Phosphorylation 
Initial 


adeny lic P; 
acid 


Oxygen P; 


Preparation 
consumed Or 


NO. 


Outline of experiment 


micromoles | micromoles | micromoles 


l 26 4.1 17.0 0.24 Suspension of 36 mg. dry bacteria 

5 26 7.7 16.0 0.48 in 0.04 mw NaF-phosphate solu- 

2.3 26 9.6 18.2 0.53 tion; 100 micromoles pyruvate 
added, 60 min. incubation at 
37° 

l 27 3.1 13.7 0.23 Same as above, 50 min. incuba- 
tion 

3.4 10 0 12.5 0 0.5 ml. phosphate extract from 40 
mg. bacteria, 60 min. incuba- 
tion 


of bacteria due presumably to a variation in enzyme distribution and similar 
to that found for acetyl phosphate accumulation (Table II). Fluoride 
stabilizes the easily hydrolyzable phosphate. Breakdown of added adenyl 
diphosphate was variable but pronounced, although in the presence of fluo- 
ride it was only 10 to 13 per cent per hour. 

A yield of adenyl phosphate lower than of acetyl phosphate (Table II) 
may indicate either a sluggishness of transfer or an equilibrium between the 
two compounds. Some clarification was brought through simultaneous 
estimation of the two phosphate fractions. In the experiment shown in 
Table V the reaction was interrupted when, mole per mole, pyruvate break- 
down amounted to slightly more than twice the inorganic phosphate present 
initially. At that time the rate of reaction just started to slow down, and 
inorganic phosphate had disappeared almost completely. In the absence 
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of adenylic acid, acetyl phosphate was the only product of phosphorylation. 
With adenylic acid present, however, the phosphory] is distributed between 
adenyl phosphate and acetyl phosphate. Obviously the phosphorylation 
of adenylic acid is branching off from the oxidative reaction of which it is not 
an integral part. Adenylic acid even slightly depressed the rate of pyru- 
vate oxidation. 


TABLE V 
Ratio of Oxygen Uptake to Total Phosphate Disappeared 
39 mg. of bacteria per vessel were suspended in 0.85 ml. of 0.03 m NaF solution 
containing 22.2 micromoles of inorganic P. 73 micromoles of pyruvate were added 


at the start. 37°. air, 105 minutes incubation. 


P distribution 


Preparation Adeny lic Pyruvate a ty 
o erp titrimetric Loop a 3 P 
added metric) P Ss P; | P 
‘ o.* 7 ac 
micromoles | micromoles | micromoles | micromoles micromoles micromoles 
7 11.2 —54.6 52 —20.3 0.75 3.7 15.3 
7 0 —60.5 63 —21.6 0.72 0.8 19.8 
2.3 11.2 —51.0 53 —21.1 0.83 10.6 9.3 
2.3 0 —63.5 70 —18.0 0.57 1.6 15.8 


* O, = pyruvate/2. 
Tasie VI 
Resolution of Coupling Reaction into Oxidative and Anaerobic Stages 
Suspension of 45 mg. of dry Preparation 2.3 in 1.0 ml. of 0.025 m NaF solution 
incubated at 37°. All data are given in micromoles. 
Phosphate distribution 


Adeny lic 


> " 
acid added Pyruvate 


Procedure 


P Pa. Py 
Stage 1. Incubation in 0 75.5 0.5 0 20.4 
oxygen, at start 
Same after 115 min 2.3 1.3 14.4 5.8 
Stage 2. 60 min. incu- 11.2 6.5 5.2 9.7 
bation in nitrogen 0 1.3 6.9 13.0 


Resolution of Coupling into Aerobic and Anaerolic Phase—The following 
experiments show directly the two phase nature of the over-all coupling. 
In the experiment of Table VI, pyruvate was oxidized and acetyl phosphate 
accumulated to the extent shown by the analysis at the end of the aerobic 
period. Air was replaced then by nitrogen in order to exclude any further 
energy supply and adenylic acid was added from the annex of the vessel. 
Incubation was continued for 1 more hour. The result of the anaerobic 
period is a migration of about half of the acetyl-bound phosphorus to ade- 
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nylic acid, the phosphory! distribution being now 55 per cent bound to ade- 
nylic acid and 44 per cent bound to acetyl. The experiment furthermore 
exemplifies the unavoidable loss of acetyl phosphate, largely by eazyme 
action, amounting in this case to 50 per cent per hour. 

The equivalence between enzymatic and synthetic acetyl phosphate is 
emphasized by the experiment of Table VII. In this experiment a solution 
of acetyl phosphate was used which was derived from pure crystalline silver 
monoacetyl phosphate. The enzyme preparation was the same as in the 
experiment of Table VI and practically the same amount of acetyl phos- 
phate was present at the start of anaerobic incubation. The adenylic acid 
concentration, however, was & per cent higher here. Accordingly more 
phosphory! shifted to the adenylic acid side than in the earlier experiment. 
The phosphory] distribution after incubation was 73 per cent adenyl-bound 
and 27 per cent acetyl-bound. 


Taste VII 

Transfer of Acetyl-Bound Phosphorus to Adenylic Acid 
The same preparation and the same proportions as in the experiment of Table VI. 
All data are given in micromoles. Here, however, 15 micromoles of synthetic acetyl 
phosphate are added and incubation is in nitrogen only. 





Incubation time Pp P; | re rg tx} Pac | = ra te} | Pi 
At start... | 2.1 | | 15.0 | | 4.0 
After 60 min. | 15.6 8.0 | 73 2.9 | 27 | 10.0 

“@ “ | 0 2.1 6.9 | 12.1 


Phosphorylation of Fatty Acid Carboxyl by Adenyl Pyrophosphate 
p phosp 


The data of the experiments recorded in the Tables V to VII suggested 
that the transfer of phosphoryl from acetyl phosphate to adenylic acid ap- 
proached a state of equilibrium. They did not, however, exclude rigidly the 
possibility that the incompleteness of reaction was due to sluggishness. To 
prove the establishment of a true equilibrium, the reverse reaction had to be 
demonstrated. In the experiments of Table VIII adenyl pyrophosphate 
and acetate, or butyrate, were incubated with enzyme preparations from 
Bacterium delbrueckii and Clostridium butylicum. Butyrate was included 
because Koepsell and Johnson had privately communicated to us observa- 
tions indicating in Clostridium butylicum the formation of some butyryl 
phosphate as well as acetyl phosphate. Small amounts of labile phosphate 
appeared on incubation with both fatty acids. In the case of the Clostri- 
dium butylicum enzyme a homogeneous solution was used. Bacterium del- 
brueckii had to be used in a suspension because our extracts did not contain 
the transfer enzyme (cf. Table IV). Although the results were more uni- 
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form with the soluble enzyme, phosphate transfer from adenyl to acyl was 
evident with both enzymes. 

It is probable that in these experiments a final equilibrium was not yet 
obtained from either side. Nevertheless, the data may serve for an approx- 
imate calculation of the equilibrium constant of the reaction 


Adenyl~ph + acetyl~ph =— adenyl~ph~ph + acetate 


In this equation adenyl monophosphate is assumed the primary reac- 
tant. Meyerhof ef al. (17) showed for the similar coupling between glycer- 
aldehyde phosphate oxidation and adenylic phosphorylation that not 
adenylic acid but the adenyl phosphate, containing already one energy- 
rich phosphate group, was the true acceptor. When adenylic acid is active, 


Tasie VIII 
Phosphorylation of Fatty Acids by Adenyl Pyrophosphat 
Before incubation After 50 min. incubation, 37 
Enzyme preparation Fluoride 
Acetate | Butyrate | P; added Py Ps P; 
boa micromoles micromoles micromoles micromoles micromoles micromole 

Suspension of dried B. 0.03 0 0 0.2 0.2 4.5 
delbrueckii, No. 2.3; 200 5.8 5.2 1.2 6.2 
total volume 0.58 0.03 130 28.5 23.0 Le 8.9 
ml. 

Extract of frozen Cl. 0.02 100 18.0 15.0 1.0 9.6 
butylicum (8); total 70 18.0 14.0 2.0 9.6 
volume 0.55 ml 18.0 16.6 0.4 8.6 

0.008 100 18.0 14.2 1.8 9.6 
70 18.0 14.2 2.4 9.0 

18.0 16.0 0.6 9.0 

0 0.2 0 7.6 


as it is in our preparations, most probably a phosphodismutation with some 
adenyl diphosphate present vields adenyl monophosphate in the manner 
described by Kalckar (18). For this reason the data of Table VIII, ob- 
tained for the reverse reaction, right to left, are considered more suited for 
a calculation because there the primary reactants were added to the 
system. 

For the estimation of the constant, 
> ad~ph~ph X acetate 
. ad~ph x ac~ph 
the concentration of adenyl monophosphate (ad~ph) was roughly calcu- 
lated (cf. (18)) as half the difference between added and remaining easily 
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hydrolyzable phosphate. The molar concentration of ad~ph~ph is ob- 
tained by halving P; after deduction of ad~ph. With the data of the 
Clostridium experiment, A for acetate is 

14.2— 1.9 

Me ory x (100 — 1.8) 
— = 177 


18 X 19 
The constant for butyrate would be somewhat lower. 

Assuming the value of 177 for the constant as an acceptable approxima- 
tion, we may proceed to calculate the difference between the bond energies 
in acetyl and adenyl phosphate respectively. Using the equation (19), 


AF, = —RT In K = —4.58 X T X log K 


we obtain for 37° 
AF, = —4.58 X 310 XK 2.5 = —3.55 kilocalories 


The bond energy of the carboxy! phosphate is therefore some 3 kilocalories 
higher than the average energy of 12 kilocalories of the energy-rich bond. 
It will amount to around 15 kilocalories. 


Acetyl Phosphate Formation with Other Organisms 


Koepsell and Johnson (8) found recently with extracts of Clostridium 
butylicum anaerobic splitting of pyruvate to acetyl phosphate (private 
communication), hydrogen, and carbon dioxide, and Utter and Werkman 
(20) demonstrated with Escherichia coli extracts a decomposition of py- 
ruvate to acetyl phosphate and formate. 


CH,;COOPO;H: + H: + CO, (a) 
7" 


CH;CO-COOH + H-OPO,H; 


» 


CH,;COOPO,H; + HCOOH (b) 


Formation of the energy-rich acyl phosphate bond appears here as the re- 
sult of intramolecular rearrangement in the phosphate-pyruvate addition 
product. The rearranged molecule eventually splits into two or more 
parts, depending on the particular enzyme or enzyme system. ‘The proba- 
bility of such a course of reaction is emphasized by indications for the rever- 
sibility of the ‘“phosphoroclastic” splitting of pyruvate. Such indications 
are found in the inhibition of reaction (a) by hydrogen (21), and in unpub- 
lished experiments of ours on the reversal of reaction (b). The formation of 
small amounts of keto acid was observed on incubation of Escherichia coli 
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extracts with a combination of acetyl phosphate and formate. Keto 
acid was determined colorimetrically by the method of Friedemann and 
Haugen (22), which is fairly specific for pyruvate. 


SUMMARY 


1. The formation of a labile phosphate compound as the oxidation prod- 
uct of pyruvic acid with a bacterial enzyme system is described. 

2. The compound is identified as monoacetyl phosphate by isolation of 
the silver salt in pure state. 

3. The enzymatic transfer of phosphoryl groups between acetyl phos- 
phate and adenylic acid is studied. The reversibility of the reaction is 
demonstrated through the observation of a phosphorylation of acetic acid 
by adenyl pyrophosphate as phosphate donor. 
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A need rose in this laboratory for the determination of the riboflavin in 
the cornea of the rat. Since there are but 4 or 5 millimicrograms (10~* gm.) 
of riboflavin present in each cornea, existing methods were found inade- 
quate. The success of the microbiological method of Snell and Strong (1) 
for the determination of amounts of riboflavin of the order of 100 millimi- 
crograms suggested the possibility of obtaining the required sensitivity by 
a micro modification of this procedure. After numerous modifications it 
has been possible to develop a reliable and practical method for measuring 
0.5 to 2.0 millimicrograms of riboflavin with an over-all precision of 3 to 5 
per cent, which is as good as or better than can be obtained with the 
macromethod. 

Pennington ef al. (2) suggested reducing the volume of growth medium 
from 10 ml., as used in the original procedure, to 0.2 ml. and allowing 
growth to occur in the individual depressions of spot plates. In our hands, 
failure was regularly encountered in the use of this micro modification. 
The substitution of individual serological tubes for the spot plate depres- 
sions led to some moderately successful assays, with frequent failures and 
erratic results. Furthermore, the amount of acid produced per unit of 
riboflavin was considerably less at the 0.2 ml. volume than at the standard 
10 ml. volume, which decreased the sensitivity. These difficulties were 
therefore investigated and, as a result, it has become possible to modify the 
conditions of growth of Lactobacillus casei so that entirely consistent results 
may be regularly obtained with the order of 1 millimicrogram of riboflavin 
ina volume of 0.2 ml. That this is by no means the limit of sensitivity is 
shown by the fact that good results have been obtained with 0.1 to 0.5 
millimicrogram of riboflavin in an incubation volume of 0.05 ml. 4 y¥ of 
liver, perhaps 400 cells, contain 0.1 millimicrogram of riboflavin. 


Method 


Reagents and Materials—The medium used for growing the Lactobacillus 
casei for inoculation and the riboflavin-free basal medium are the same as 
described by Snell and Strong, except that potassium acetate is added to 
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make the former 0.15 M in potassium acetate and the latter, 0.3 mM. Since 
the basal medium is finally diluted 1:1, the final concentration of potassium 
acetate in this medium is likewise 0.15 mM. In addition to the potassium 
acetate, 0.5 ml. of 0.4 per cent cysteine solution is added to each 10 ml. of 
basal medium just before inoculation. A few ml. of cysteine solution are 
freshly made each time from either cysteine and water, or cysteine hydro- 
chloride with the calculated amount of NaOH. The solution is boiled just 
before use and added to the sterile basal medium with a sterile pipette. 

The assays are carried out in 0.75 ml. serological tubes, 6 X 50 mm. 
These are cleaned routinely by boiling briefly in half concentrated nitric 
acid and then boiling in distilled water. This avoids the use of chromic 
acid. The washed suspension of Lactobacillus casei is prepared as usual; we 
have obtained most consistent results from an 18 to 24 hour culture made 
from a work stab not over 1 week old. 


Procedure 


To the tissue sample containing 2 to 8 millimicrograms of riboflavin is 
added 0.1 ml. of 0.1 Nn HCl, either with a 0.2 ml. graduated pipette, the 
end of which has been drawn out to a slender tip, or better, with a Levy- 
Lang constriction pipette (3). The tubes are plugged with cotton and auto- 
claved for 15 minutes at 15 pounds pressure, with care thereafter to pro- 
tect from light, especially while still hot. The weight of a few tubes before 
and after autoclaving should be determined to see that no significant change 
occurs in the volume. After cooling, exactly 0.3 ml. of 0.030 Nn NaOH is 
added with a slender tipped 1 ml. graduated pipette, or a constriction 
pipette, and each tube is promptly and thoroughly mixed by twirling in the 
tube a slender rod with a hooked end. This leaves the solution with an 
excess acid concentration of about 0.002 m. Three 0.1 ml. aliquots are 
transferred to 0.75 ml. serological tubes (6 X 50). At the same time, tubes 
for establishing a standard curve are prepared by measuring out 0.1 ml. in 
triplicate of each of four standards and a blank. The standards contain 
0.5, 1.0, 1.5, and 2.0 millimicrograms of riboflavin per 0.1 ml. or 0.5, 1.0, 
1.5, and 2.0 y per 100 ml., and are made up in 0.002 n HCl. The blank is 
0.002 n HCl. 

All the tubes are plugged with cotton and autoclaved for 15 minutes at 
15 pounds pressure. The whole rack should be wrapped in black cloth dur- 
ing autoclaving and until thoroughly cooled. 

The tubes are inoculated as suggested by Pennington et al. (2), by pipett- 
ing into each tube 0.1 ml. of basal medium previously inoculated with 2 
drops of a washed suspension of Lactobacillus casei per 10 ml. The sus- 
pension of bacilli is prepared as in the regular Snell and Strong procedure. 
The medium is added with a 1 ml. sterilized pipette, the tip of which is 
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drawn out to a slender point and slightly bent. The volume of basal 
medium must be delivered with an accuracy of 2 to 3 per cent for best re- 
sults. The cotton plug is replaced and each tube is mixed by tapping with 
the finger. Flaming of the mouth of the tube is unnecessary. 

The rack of tubes is placed in a vacuum desiccator containing damp 
cotton swabs, and the air therein replaced with CO, by alternately reducing 
the pressure to about 150 mm. of Hg and introducing CO, back to atmos- 
pheric pressure. After this procedure is repeated four or five times, the 
pressure is left at about 700 mm. of Hg and the desiccator is placed in an 
incubator at 38° for 3 days. 

The tubes are then removed from the desiccator. A minute droplet of 
caprylic alcohol is added to each tube to prevent foaming and the CO, is 
blown off by carefully aerating each tube with a capillary tube of not over 
0.5mm. diameter. The bubbles should be small enough so that spattering 
is entirely confined to the tube. After aeration for 1 minute, a 0.02 ml. 
drop of 0.04 per cent brom-thymol blue is added and the tube is titrated 
with 0.3 n NaOH from a 0.2 ml. Rehberg burette. Stirring is accom- 
plished by bubbling with air. Neither the air bubbler nor the burette tip 
should be over 0.7 mm. in diameter. Since the indicator is soluble in 
caprylic alcohol, the amount of caprylic alcohol used should be kept small, 
and bubbling during titration should not be too prolonged. While one 
tube is being titrated, the next tube is being aerated, so that the prelimi- 
nary aeration does not add to the time involved. 

The results are calculated from the standard curve, just as with the micro- 
biological assay on 10 ml. However, with some tissues the results are 
influenced by the presence of substances other than riboflavin in the tissue 
extract. The following procedure appears to obviate this difficulty in a 
most satisfactory manner, and should be used for highest precision if eon- 
ditions will permit. Tissue of the type being analyzed is extracted, etc., 
exactly as described above, but on a larger scale. The final extract in 
0.002 n HCl is irradiated for 30 minutes in a Pyrex tube at a distance of 3 
or 4 cm. from a General Electric HB-4 mercury are lamp to destroy the 
riboflavin present. With as little dilution as possible, standards are pre- 
pared from this extract containing 0, 0.5, 1.0, 1.5, and 2.0 millimicrograms 
of riboflavin per 0.1 ml. To produce the standard curve, these standards 
are used in place of pure riboflavin solutions. 


DISCUSSION 
The changes made in adapting the Snell and Strong method to the 0.2 
ml. level were introduced as a result of observing that (a) riboflavin is par- 


tially destroyed during autoclaving in small tubes at pH 7.0, (6) air is in- 
hibitory to Lactobacillus casei, (c) CO, stimulates the growth and acid pro- 
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duction of this organism, (d) buffers in the pH range from 4 to 6 stimulate 
growth and acid production, (e) on standing after autoclaving, the basal 
medium may become defective and it can be restored in effectiveness with 
cysteine. 

Destruction on Autoclaving—Although riboflavin is ordinarily considered 
stable to autoclaving between pH 7.0 and 1.0, it was found that when 
small tubes were used there was a marked destruction of riboflavin on auto- 
claving in distilled water. This was probably due to the alkali surface 
layer of soft glass. This loss was avoided by the routine cleaning of the 
small soft glass tubes in boiling nitric acid and by adjusting the extracts 
and standard riboflavin solutions to an HCl] concentration of 0.002 N. 

Inhibition by Air and Stimulation by CO.,—The factor which was found to 
be most disturbing to assays on a 0.2 ml. scale was the presence of air. The 
Lactobacillus casei appears to be inhibited by even moderate tensions of 
oxygen. This effect is obscured in large tubes, where the large inoculum 
and subsequent large bulk of organisms undoubtedly keep the oxygen ten- 


TaBLe | 
Influence of Gas Phase on Acid Production 
The acid values represent c.mm. of 0.3N acid produced with 1.1 millimicrograms of 


riboflavin. 


COs, % 100 98 80 0 0 
Ns, % 0 0 0 100 80 Air 
Os, % 0 2 20 0 20 


29.1 24.9 21.0 21.3 17.4 19.0 


Acid produced. 


sion low in the deeper layers of the tubes. Furthermore, the depth of 
liquid is 4 or 5 times greater in the large tubes than in the small ones, which 
would decrease the penetration of oxygen into the deeper layers. In Table 
I is shown the acid production in the presence of air, CO,., and Nz with 1.1 
millimicrograms of riboflavin in a 0.2 ml. volume. Compared with the re- 
sults in air, there is a marked stimulation by CO, and slight stimulation by 
nitrogen. In similar experiments, in which the tubes were incubated in air, 
shaking during growth produced additional inhibition, whereas there was no 
inhibition due to shaking when incubation took place in COs. 

Stimulation by Added Buffer—In confirmation of the findings of Stokes 
and Martin (4) it was observed that the addition of extra acetate to the 
basal medium increases both growth and acid production with a given 
amount of riboflavin. This appears to be due to the increased buffer capac- 
ity of the basal medium, since a variety of other buffers in the region of 
pH 4 to 6, e.g. propionate, butyrate, acid phthalate, and pyridine, likewise 
increased the production of acid. Acetate proved most satisfactory, and 
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potassium acetate was chosen since larger amounts of the potassium salt 
than of the sodium salt were tolerated by the bacteria before inhibitory 
effects appeared. 

Old Media—In spite of the substitution of CO: for air in the microbiologi- 
cal assay, with resultant marked improvement in results, occasional assays 
failed. This failure was traced to the use of basal media which had been 
autoclaved and then allowed to stand for some time in the ice box before 
use. This trouble was completely overcome by the addition of cysteine to 
the medium just before use. Additional cystine or thioglycolic acid helped 
somewhat but neither was as effective as cysteine. Reboiling the medium 
just before use did not result in improvement. 
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Fig. 1. Standard curve of acid production versus riboflavin 


Additional Factors—The evaporation of water during incubation is rela- 
tively much greater from the small tubes containing 0.2 ml. of solution than 
from large tubes containing 10 ml. If uncontrolled, this evaporation will 
produce low and erratic results. This effect is easily prevented with tubes 
grown in an enclosed chamber by the introduction of wet cotton swabs into 
the chamber. 

It is likely that almost all tissue extracts, no matter how prepared, in- 
fluence in one degree or another the amount of acid produced for a given 
amount of riboflavin. It has been repeatedly shown that, unless lipids are 
removed, a marked stimulation of acid production will result (5,6). The 
removal of lipids, however, does not completely solve the problem. In 
Fig. 1 is shown the result of adding riboflavin-free (irradiated) corneal ex- 
tract to a series of tubes, forming a standard curve of acid production versus 
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riboflavin. The riboflavin-free extract was prepared as described above 
and probably contained little or no lipid. Extract equivalent to 0.2 mg. 
of cornea was added to each tube. 

It will be seen that the influence of the tissue extract on acid production 
depends on the amount of riboflavin present. The influence varies from 0 
with 0.5 millimicrogram of riboflavin per tube to an inhibition of 18 per 
cent with 1.3 millimicrograms of riboflavin. To show whether or not the 
ultraviolet light used in the destruction of riboflavin produced an aberra- 
tion in this curve, known amounts of riboflavin were added to non-irradiated 
corneal extract. The recovery calculated from the lower curve in Fig. | 
was within the limits of error of the method. 

As a result of the foregoing observations the procedure detailed above 
was adopted, and it has given uniformly consistent results. In Table IT is 


TaBLe II 
Reproducibility of Titration with Pure Riboflavin Solutions 
Riboflavin Average®* titration | Standard deviation ew a P.E.M.t 
millimicrograms c.mm ¢.mm. 
0.55 15.6 0.4 2.9 1.2 
1.10 27.8 0.3 1.7 0.7 
1.65 36.1 0.5 2.3 0.9 
2.20 42.4 0.7 3.0 1.2 


* C.mm. of 0.3 n NaOH corrected for the blank. 
+ Probable error of the mean, expressed as per cent of the mean, for an assay in 


triplicate. 


shown the reproducibility for pure riboflavin solutions as evidenced by six 
consecutive standard curves. Each point in each curve was made in tripli- 
cate, giving a total of eighteen determinations at each level. The standard 
deviation of a single determination has been calculated at each riboflavin 
level from the deviations within each individual set of three. The coeffi- 
cient of variation on these pure solutions is actually smaller than for a 
similar series of standard curves with 10 ml. volumes and following the 
regular Snell and Strong procedure. 

In the analysis of biological materials the variability is greater than with 
pure solutions. From a series of twenty-four corneal extracts in triplicate, 
with 1.0 to 1.5 millimicrograms per tube, the coefficient of variation was 
found to be 8 per cent for a single determination, which is equivalent to a 
probable error of the mean of 3 per cent for an assay in triplicate. This 
again compares favorably with the macromethod. 
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SUMMARY 


A modification of the microbiological method of Snell and Strong has 
been described for the determination of 0.5 to 2.0 millimicrograms of ribo- 
flavin. The probable error for assays made in triplicate is about 1 per cent 
for pure riboflavin solutions and about 3 per cent for the particular biologi- 
cal material tested (rat cornea). 

The reasons for making certain changes in adapting the original procedure 
to the determination of these smaller amounts of riboflavin are discussed. 
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USE OF THE MACRO FERMENTATION METHOD FOR 
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The yeast fermentation method of Schultz, Atkin, and Frey (1-3) has 
been widely used for the assay of thiamine. When the method was tried 
in this laboratory for the assay of meat and eggs, three sources of error 
were observed. 

First, the range of linear response of the yeast to graded amounts of 
thiamine may vary with the substance assayed and the yeast used. 

Second, the activity of crystalline thiamine is greater in the presence 
of the other constituents of the food samples than it is in the basal medium 
alone. Since the standard in the original method is taken to be the volume 
of gas produced by the yeast under the stimulus of a known amount 
of thiamine added to the basal medium, there is a tendency for the assay 
values to be too high. 

Finally, as pointed out by Deutsch (4), the sulfite cleavage procedure 
does not completely destroy the activity of thiamine in stimulating the 
carbon dioxide production of yeast. The effect of these three sources of 
error upon actual assay values has been studied by repeated assays of 
food samples. A standard procedure has been developed which eliminates 
these potential errors in the fermentation method. 


EXPERIMENTAL 


The fermentometer used in this laboratory is patterned after the original 
fermentometer described by Schultz and Landis (5). The basal medium 
consisted of Solution A (buffer and niacin) and Solution B (dextrose and 
salts) as suggested by Schultz et al. (3). Fileischmann’s commercial bakers’ 
yeast was obtained weekly in half pound cakes and stored in a stoppered 
flask at 5°. Thiamine standard solution and yeast suspension were 
prepared as directed (3). In each of the six 250 ec. reaction bottles were 
placed 5 ec. of Solution A, 15 ce. of Solution B, and the substance assayed. 
The total volume was made up to 75 cc. with distilled water and 25 cc. of 
the yeast suspension added. All pH adjustments were made with a Beck- 
man model F pH meter. 

Samples which could be obtained as a fine powder (bread, lyophilized 


* This study was supported by a fellowship from Swift and Company. 
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meat) were weighed dry and diluted with distilled water as desired. Moist 
solid samples (fresh meat) were ground as finely as possible with a meat 
grinder, weighed, diluted with distilled water, and mixed in a Waring 
blendor. Fluid samples (egg) were blended and a known weight of this 
mixture diluted to volume. The sulfite cleavage for the destruction of 
thiamine in aliquots of the sample assayed was carried out as suggested 
by Schultz ef al. (2,3). The aliquot thus prepared is referred to as the 
blank. Samples were adjusted to pH 5.2, heated in a boiling water 
bath for 30 minutes, and readjusted to pH 6.2, as directed by Schultz et al. 
(2, 3) so that they might receive the same treatment as the blank. 

The fermentation method for thiamine assay depends upon the fact 
that the response of yeast to added thiamine as measured by carbon 
dioxide production is linear over a definite range. Schultz et al. (1, 2) 
in their description of the method found the response to be linear between 
2 and 4 y and used these amounts of crystalline thiamine as their standards.' 
The thiamine was added directly to the basal ‘medium alone. The dif- 
ference in carbon dioxide production measured volumetrically in 3 hours 
was assumed to represent the stimulating effect of 2 y of thiamine (4 — 
27). At the same time a sample and a blank were prepared in a similar 
manner and the difference in gas production between them taken to 
indicate the increase in carbon dioxide production due to the thiamine in 
the sample. The actual thiamine content of the sample was then cal- 
culated by a simple proportion. 

Although this procedure has yielded excellent results for cereal products, 
we did not find it satisfactory for egg assays. Further study revealed 
that the relationship between the thiamine in the presence of the other egg 
constituents and the volume of carbon dioxide produced in 3 hours was 
not linear beyond a concentration of 27 of the vitamin. In fact, the 
response of the yeast used in the egg assay series of 1943 was not linear 
beyond 1 y of thiamine. These facts are presented graphically in Fig. 1. 

This experience with egg samples demonstrated that the range over which 
the response to thiamine remains linear varies with the substance being 
assayed and with the yeast used. This range was not found to be as 
restricted with other substances studied. However, in no experiment 
did the response remain perfectly linear when more than 3.5 y of thiamine 
were added (Fig. 2). Thus routine use of the 2 to 47 range suggested 
by Schultz et al. (1-3) would have produced significant errors in our 
assay values for all substances and resulted in serious errors in the case 
of egg samples. For this reason, we believe that it is necessary to make 


‘ This is equivalent to a 1 to 2 y range on their new fermentometer in which half 
the previous quantities of all solutions (3) is used. It cannot be directly compared 
to the assay range used in the micro fermentation methods. 
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a preliminary run, adding graded amounts of crystalline thiamine to the 
blank of each new type of material studied, in order to determine the 
assay range. 

When we began to assay various types of food samples, a second factor 
was found which could produce variation in the values obtained. Schultz 
et al. (3) suggest the addition of standard thiamine to bring low blanks 
within the same range of carbon dioxide production as the samples. After 
we observed the relation between thiamine and carbon dioxide produc- 
tion to be linear to zero, it became apparent that the addition of thiamine 
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Fic. 1. Effect of egg blank on response of yeast to added thiamine. In addition 
to the basal medium 1 gm. of sulfite-treated whole egg has been added to each re- 
action bottle. Curves 1 to 3 represent runs made in the spring, 1944. Curves 4 
to 6 were determined in the summer, 1943. 

Fic. 2. Response of yeast to graded amounts of crystalline thiamine. In addi- 
tion to the basal medium 1 gm. of lean beef (the results shown in Curve 1) and 0.05 
gm. of sulfite-treated liver concentrate (Curve 5) were added to the respective reac- 


tion bottle. 


to sulfite blanks for this purpose should be, in theory at least, an optional 
procedure. 

In a series of trials in which we ran both types of blanks and calculated 
the values for thiamine content of the samples involved, consistent and 
generally striking differences were obtained. The values obtained when 
thiamine was added to the blank were always lower than those found when 
this addition was not made (Table I). However, when the activity of 
thiamine added to the blank was itself used as a standard (new standard), 
the resulting values agreed well with those obtained by the use of the old 
standard and thiamine added to the blank to bring it within the range of 
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the other bottles. In the case of bread, this discrepancy is small but for 
a highly concentrated yeast extract is seen to be very large. The values 
listed in Table I which are based on the old standard were found to be 
about 10 per cent too high for Staff bread, 20 per cent and above for whole 
egg, 30 per cent for lean beef, and nearly 100 per cent for yeast extract. 
Use of the old standard is thus seen to introduce great errors into the 
assay of some foods although relatively small ones in the study of others, 

The true cause of this discrepancy becomes obvious from a consideration 
of Table II. It is due to the fact that thiamine is more effective in stimu- 


TABLE I 


Effect of Choice of Standard on Assay Value and Results of Adding Thiamine to Bring 
Blank within Assay Range 


Assay value, 
Weight of } Assay value, | Assay value, | old standard, 


Substance assayed old new blank with 


sample standard* standardt added 
i | thiaminet 
gm. Y per gm. Y per gm y per gm 
Cooked lean beef, Sample 16 2.00 1.29 1.01 1.02 
ig ~*~ ios 4B | 1.00 0.86 0.62 0.62 
Staff bread, Sample 1 0.50 2.86 2.60 2.68 
Yeast extract 0.005 1004 560 374 
" ste 0.0025 1184 580 352 
Egg yolk, Sample 5 1.0 44.5 28.8 33.6 
e = 5 0.6 36.4 29.8 29.2 
white, “ 4 4.25 1.0 0.0 0.0 
Whole egg, 3 0.8 13.5 9.6 
5 - oe 2.0 10.8 8.6 8.3 
7 ~ on 2.0 10.3 8.8 8.6 


' | 


* The old standard represents the volume of gas produced by 2 y of thiamine 
(4 — 2 y) added to the basal medium alone. 

t The new standard is the volume of gas produced by 2 y of thiamine similarly 
added to the blank. 

t The old standard has been used but 2 y of thiamine have been added to the 
blank to bring it into the range of the other values. 


lating carbon dioxide production of yeast in the presence of either the 
sample or the blank than it is when added to the basal medium alone. 
This means that, unless this effect is small, crystalline thiamine added to 
the basal medium alone cannot serve as a reliable standard. The fact 
that this effect is small for bread (12 per cent), but greater for meat and 
egg (21 and 23 per cent), is again shown in Table II. Furthermore, this 
effect varies from sample to sample of the same type of food (cf. 35 and 
18 per cent for egg yolk samples at different concentrations). In the case 
of yeast samples it seems to be greatly influenced by the concentration of 
the sample, as values of —6, 38, and 58 cc. for the response to 2 y for 
thiamine at various dilutions of the sample (0.001 to 0.10 gm.) illustrate. 
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This effect was not further investigated. More important, however, is 
the fact that the addition to the blanks of the same amount of thiamine as 
is taken for the standard automatically compensates for the above effect. 

In our early meat assays we used a 2 y (2 to 4 y) range as a standard and 
also added 2 y of thiamine to the blanks. This thiamine was added to 
the basal medium alone, and the resulting volume of gas, taken as the 
standard for calculation of thiamine content, was too small. It was too 
small because the same amount of thiamine in the sample would permit 
much larger gas production. However, this small value was subtracted 


TaBe II 
Volume of Gas Produced under Stimulus of 2 y of Thiamine for Old and New Standards 


Blank prepared from vont Gas, old standard* Gen, new, poet 
gm. | ce. ce. | per cent 
Cooked lean beef, Sample 16...| 2.0 104 |} 82 | 2 
xi he - 22..-| 1.0 | 64 9 | BB 
Staff bread, Sample | | 0.5 60 | 6&8 | 12 
Yeast extract 0.005 | 56 | 3 | 4 
“ ee 0.0025 | 51 | 2 | S51 
(0.01 | 58 | 37 | 4 
0.025 | 43 | 3 14 
0.10 | —6)1 run (conditions | 
0.01 38} and yeast iden- | 
- 4 | 0.001 58) tical) 
Whole egg, Sample 3 12.0 | 64 . aa 7 oe 
eo “4 2.0 68 58 | 15 
Ris 10.8 | 74 | 55 | 2 
- “ ty vee 2.0 | 7% | 8 | 2 
Egg yolk . «sdb A Oenibarhl | 44 | 85 
4 0.6 67 | 65 | 18 
white ‘a 14.25 | 61 | 36 | 41 


* The use of the terms old and new standard is the same as in Table I. 
t As in Table I the discrepancy between the old and new standard is increased 
slightly by use of a 2 to 4 y range (ef. Fig. 2). 


from the gas produced by the blank plus 2 y to give the supposed true 
blank. This volume assumed to represent the true gas production of the 
ingredient of the blank was too high. The two false values will be found 
to cancel each other exactly. The last column in Table I shows the 
effectiveness of this compensation. For example, lean beef Sample 16 
appears to have 1.29 y of thiamine per gm. by the old standard but only 
1.01 y per gm. when calculated according to the new standard. Adding 
thiamine to the blank corrects the former values to 1.02 y per gm., almost 
identical to the value obtained by the use of the new and presumably 
correct standard. 
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The discrepancy between the old and new standards was also eliminated 
by the addition of 0.05 gm. of sulfite-cleaved liver concentrate (Wilson 
1:20 liver concentrate paste) to each of the reaction bottles. The con- 
centrate seems to supply an excess of whatever stimulating factors the 
meat and egg blanks possess to all of the bottles. This effect of liver in 
reducing the differences in thiamine activity due to greater stimulation 
in gas production in the presence of the blank or sample is shown (Table 
III). For example, in a typical run with liver present, 47 cc. of gas are 
produced by the old standard and 49 cc. by the new as compared to 47 
and 37 cc. when no liver is added. 

Since Deutsch (4) using the micromethod has clearly shown that the 
inactivation of thiamine by sulfite cleavage is not necessarily complete, 
it seemed desirable to investigate the effectiveness of cleavage under the 


Taste III 


Agreement between Old and New Standards When Liver Extract Is Added to Basal 
Medium 


Effect on standard Effect on assay value 


Sample No. Liver* Assay value 
BL —— Old New Diff Assay value | Assay value old standard, 
- difference by old by new and thiamine 
- + s » d 
standard tandardt standardt standardt added to 
blank 
gm. ce ce percent | +» pergm y per gm. y per em. 
6 0.05 47 49 4 5.5 5.3 §.1 
7 0.025 69 67 3 7.4 7.5 7.5 


* Sulfite-cleaved Wilson’s 1:20 liver concentrate paste was added to all reaction 
bottles. 
t The use of the terms old and new standard is the same as in Table I. 


conditions of our assay. For the substances and concentrations studied, 
the sulfite cleavage process was found to be very satisfactory. On the 
average, less than 5 per cent of the activity originally found for the sample 
remained. Activity greater than 8 per cent was not encountered in the 
small series of sulfite-cleaved samples studied. The effectiveness of the 
cleavage procedure can be readily determined for each type of substance 
studied and the strain of yeast used, and assay runs can be corrected for 
this factor if desired. 
DISCUSSION 

We have found that the assay range for each type of substance assayed 
should be determined in a preliminary fermentometer run. Furthermore, 
the assay procedure itself must at times be modified to take into considera- 
tion the greater activity of thiamine in the presence of the sample or 
blank itself. Is this enhanced activity due to the failure of the basal 
medium alone to supply in excess all the other factors which stimulate 
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carbon dioxide production? Certainly something supplied by the sample 
and its blanks can potentiate the action of thiamine. The effect of this 
factor or factors varies greatly with the nature of the sample. 

One approach to this problem would be to study more completely 
the components of the medium specifically required in the assay pro- 
cedure. The experiments with liver concentrate cited above suggest that 
a more nearly complete basal medium would effectively eliminate this 
potential error. The experiments with liver concentrate were not contin- 
ued, however, because we believed it safer and simpler to be sure that the 
same factors which operate in the sample will be at work in the standard. 

This can be done by adding the thiamine directly to the blank, since 
the data reveal that whatever the factor or factors are which potentiate 
the action of thiamine, they are not destroyed by sulfite cleavage. Accord- 
ingly we have adopted the procedure of determining the range of the 
linear response to thiamine in the presence of the material to be assayed 
and confirming its extension to zero. To secure a standard for comparison 
with the activity of the sample, we add a suitable amount of thiamine 
directly to the blank. 

This means that one complete assay run contains three bottles: blank, 
blank plus a known amount of standard thiamine, and sample. The 
difference in gas production between the blank and the blank plus thiamine 
gives the carbon dioxide-stimulating effect of the known quantity of thi- 
amine. Similarly the difference between the blank and sample gives the 
added gas production due to the thiamine in the sample. The actual 
amount of thiamine is calculated by simple proportion. Figs. 1 and 2 
show standardization curves for this procedure. 

The above application of the method would seem to give the best 
measure of the true thiamine activity of the sample. It gives consistent 
results even when the difference between the two types of standards is 
varying from sample to sample. This is shown best in the egg assays 
(Table I) in which values of 28.8 and 29.8 y per gm. are obtained for egg 
yolk by this method, when the original method gave 44.5 and 36.4 in simul- 
taneous runs. This method also provides that if inhibitors are present 
(as is suggested by some of the yeast standards in Table II) they will act 
equally upon both the thiamine of the sample and that of the standard. 

Deutsch (4) has discussed the biochemistry of the yeast fermentation 
method and studied the effectiveness of the sulfite cleavage process. 
Although his data and those of Schultz ef al. (3) show that the sulfite cleav- 
age products of thiamine may have considerable fermentation-stimulating 
activity under some conditions, we have not found these to be trouble- 
some under the conditions of the macro fermentation assay for the sub- 
stances studied here. The per cent inactivation by sulfite depends in 
part on the batch of yeast (4), the substance treated and its concentrates 
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(3), and probably the total sugar content of the reaction mixture (6). We 
believe, therefore, that the effectiveness of the cleavage process should 
be determined for each type of food substance under the local assay 
conditions. A correction can then be made when it would be of significance. 

Among other factors which were investigated as sources of error for the 
method and found to be of no significance are variations in the absolute 
amount of gas produced by similar samples and standards in different runs 
(due to age and condition of the yeast), variations in pressure due to 
infrequent leveling of the fluid columns in the eudiometers, brief inter- 
ruptions in shaking, and variations of as much as 3°. 


SUMMARY 


When the fermentation method for the assay of thiamine was used 
for the assay of meat and egg products, three sources of error were found 
to be significant. The range of linear response to added thiamine varies 
with the sample assayed and the veast used. Thiamine added to the basal 
medium alone shows less activity than it would in the presence of the 
constituents of the sample or blank. The sulfite cleavage procedure 
does not necessarily destroy all of the activity in the blank. These po- 
tential errors can be eliminated by the following modifications or pre- 
cautions. 

1. A preliminary run is made for each type of substance assayed in which 
graded amounts of crystalline thiamine are added to the blank. This 
determines the range over which the response to thiamine is linear. 

2. A standard three bottle assay procedure (run in duplicate if desired) 
in which one bottle contains the sample, one the blank alone, and the 
third the blanks plus a suitable amount of crystalline thiamine as deter- 
mined above is carried out. 

3. The amount of gas produced by the known amount of thiamine 
in the presence of the blank is used for the calculation of the thiamine con- 
tent of the sample. 

4. The effectiveness of the sulfite cleavage of a known amount of thiamine 
added to the blank is determined for each type of substance assayed. A 
correction for the activity of the cleavage products is made if necessary. 
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a-Ketoglutaric acid is an important intermediate in the metabolism of 
carbohydrate, protein, and fat in cells. It is formed from carbohydrate via 
pyruvic and isocitric acids, from glutamic acid by oxidative deamination or 
transamination, and from fatty acids via the enzymatic condensation of 
oxalacetate with 8-keto acids to citric acid (1). a-Ketoglutaric acid is 
readily oxidized to CO, + H,O by most animal cells but it undergoes oxida- 
tive decarboxylation to succinic acid + CO, (Reaction 1) when the tissue 
succinic dehydrogenase is blocked by malonate (ef. (2)). 


(1) COOH-CH,-CH,-CO-COOH + 0.50, = COOH-CH,-CH,-COOH + CO, 


The present work was undertaken in order to obtain information on the 
mechanism of oxidation of a-keto acids in animal tissues and as a prelimi- 
nary step in the investigation of the mechanism of pyruvate oxidation. In 
animal cells this reaction involves condensation with dicarboxylic acids and 
is undoubtedly more complicated than the oxidative decarboxylation of 
pyruvate catalyzed by some bacterial enzymes (3-5) or that undergone by 
a-ketoglutarate in tissue preparations. 

The enzyme catalyzing Reaction 1, which will be referred to as a-keto- 
glutaric dehydrogenase (6), is present together with a number of other 
respiratory enzymes in the particles which one obtains in suspensions pre- 
pared from tissues by thorough grinding with sand and saline or phosphate 
solutions and centrifuging the mixtures at low speeds. There is evidence 
that the a-ketoglutaric dehydrogenase is a diphosphothiamine enzyme (7). 
It will be shown in this paper that the activity of the enzyme is coupled 
with phosphorylation of phosphate acceptors, that it is dependent on the 
presence of inorganic phosphate, magnesium ions, and adenine nucleotide,' 
and that cytochrome c is a physiological hydrogen (electron) carrier be- 
tween a-ketoglutarate and molecular oxygen. 

Oxidative Decarboxylation of a-Ketoglutarate and Its Coupling with 
Phosphorylation—Preparations of a very active a-ketoglutaric dehydrogen- 


* Supported by a grant from the Williams-Waterman Fund of the Research Cor- 


poration. 
1 The term adenine nucleotide is used in this paper to indicate both adenosine-5- 


monophosphate (muscle adenylie acid) and adenosine-5-triphosphate. 
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ase can be obtained from cat heart and have been used throughout this 
work. In the presence of high concentrations of malonate (0.025 to 0.05 
M) these preparations catalyze the aerobic oxidation of a-ketoglutaric acid 
according to Reaction 1; as much as 5 to 6 mg. of the acid can be utilized in 
40 minutes at 36.5° with 1.5 cc. of the enzyme suspension. When heart 
enzyme is used with an excess of a-ketoglutarate, the rate of oxygen uptake 
remains constant for at least 20 minutes; after this time there is a gradual 
drop which is probably caused by enzyme inactivation. With pigeon 
brain preparations the rate of oxygen uptake shows a gradual drop from the 


TABLE I 

Oxidative Decarborylation of a-Ketoglutaric Acid and Glucose Phosphorylation 
The manometer bottles contained 1.5 cc. of enzyme, 0.004 m MgCle, 0.025 to 0.03 m 
potassium phosphate buffer of pH 7.5, 0.0004 m adenosine triphosphate, and 0.05 m 
sodium malonate. Samples with pyruvate as substrate had 0.002 m fumarate but 
no malonate. The final volume was made up to 2 ce. with water. Temperature 
36.5°. Gas phase 100 per cent oxygen. All values are corrected for enzyme blanks 
and are expressed in micromoles. 



































| Additions | | 
— ——E | i , | . 
E .. . Inc ail Oxy- 0. | | a-Keto-| ¢ . Phos- 
ment Source of enzyme |S 4/ 8 bation | pe oie R.Q. gluta- nate a = 
No. | Sei 2/2 time Juptake| tion | ntAte, [formed] Ssteri- | ratio 
| Msi E13) % 
: Pla ils 
at a atin ete OR = alee 
min. | 
1 | Cat heart 34 45 | 21.0] 33.7) 1.60) 31.7 | 25.7 
2 ~~ | 32 25 | 14.7| 25.6] 1.74] 26.3 | 22.3 
3 4 35 55) 40) 35 | 9.0) 17.0) 1.89] 18.2 | 15.8) 32.2 | 1.7 
54] 55} 40} 19 | 14.0 | 44.5 | 1.6 
4 -.. 32 55| 40] 45 | 10.0} 17.0) 1.70] 17.1 | 16.1) 32.6 | 1.6 
| | | 54! 55} 40] 25 | 16.0 45.8 | 1.4 
5* | Pigeon braint | 30) | 35 | 8.2) 14.3) 1.74) 15.7 | 11.5 | 





* 0.003 m adenosine triphosphate; 0.025 m sodium malonate. 
t Homogenate. Dialyzed against 0.4 per cent KCl for 2.5 hours. 


beginning. The oxygen consumption in the absence of a-ketoglutarate is 
negligible after the minced tissue has been thoroughly washed with saline 
before extraction and it is nil if the enzyme suspensions from washed tissue 
have been dialyzed against saline or phosphate buffer. 

In the presence of glucose the sugar is phosphorylated to hexose diphos- 
phate with an uptake of 2 molecules of inorganic phosphate for every mole- 
cule of a-ketoglutarate oxidized to succinic acid + CO, (Table I). If 
exception is made of Experiment 1, in which owing to the large amount of 
a-ketoglutarate utilized malonate inhibition of the succinic dehydrogenase 
may have been rather incomplete, the experiments with cat heart enzyme 
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(Table 1) give the following average molar ratios for every molecule of CO, 
produced: CO, evolved 1.00-oxygen uptake 0.56-a-ketoglutarate utilized 
1.03-succinate formed 0.92-phosphate esterified 1.90; average R.q. 1.8. 
Since, as previously shown (8), dephosphorylation reactions which are 
not fully inhibited by fluoride interfere with phosphorylation and since, as 
shown in Table I, the P:0O ratio, ¢.e. the ratio of atoms of phosphorus esteri- 
fied to atoms of oxygen consumed, is the same for a-ketoglutarate and pyru- 
vate (cf. (6, 8)), there is good reason for believing that the over-all reaction 
for the oxidative decarboxylation of a-ketoglutarate in the presence of glu- 
cose as catalyzed by the enzyme preparations used in this work can be 
expressed by Reaction 2. 
(2) COOH-CH,-CH,-CO-COOH + 3H;PO, + 1.5 glucose + 0.50: = 
COOH-CH,-CH,-COOH + CO, + 1.5 hexose diphosphate 


Oxidative Decarboxylation Versus Decarboxylation Plus Oxidation—The 
work of Green ef al. (9), who obtained from animal tissues enzyme prepara- 
tions that in the presence of diphosphothiamine and magnesium catalyzed 
the decarboxylation of a-keto acids, reopened the question as to whether the 
oxidative decarboxylation of a-keto acids is caused by one enzyme or by the 
combined catalytic actions of a carboxylase and an aldehyde oxidase. In 
the case of a-ketoglutaric acid which was anaerobically decarboxylated to 
succinic semialdehyde (9), its oxidative decarboxylation (Reaction 1) 
might be the combined result of Reactions 3 and 4. It would seem, how- 


(carboxylase) 
io. 


(3) COOH-CH,-CH,-CO-COOH COOH: CH;-CH;-CHO + CO; 


(4) COOH-CH,-CHy-CHO + 0.50, “dehyde oxidase) 057, CH,.CH,-COOH 
ever, that the a-ketoglutaric dehydrogenase is a distinct enzyme, since the 
preparations used in this work failed to catalyze either the anaerobic 
decarboxylation of a-ketoglutaric acid or the aerobic oxidation of (syntheti- 
cally prepared) succinic semialdehyde at a rate comparable to that at which 
they catalyzed the oxidative decarboxylation of the former (Table II). 
Succinic semialdehyde did not affect the rate of oxidative utilization of 
a-ketoglutarate (Table II, Experiment 5). At present it is impossible to 
decide whether the one-step oxidative decarboxylation is brought about by 
the action of an enzyme complex containing two specific proteins or whether 
it is catalyzed by a single protein carrying two prosthetic groups of which 
one would be concerned with decarboxylation and the other with dehy- 
drogenation. 

Experiments 1 and 2 (Table II) also indicate that an anaerobic dismuta- 
tion of a-ketoglutarate (10) is hardly if at all catalyzed by our enzyme 
preparations. 
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It might be pointed out that typical succinoxidase preparations did not 
act upon succinic semialdehyde, and competition experiments showed a lack 
of affinity between the succinic dehydrogenase and succinic semialdehyde, 
excluding the possibility of an oxidation of the latter to fumaric semialde- 
hyde by succinoxidase. The small oxidation of the aldehyde which is 
found to occur in the heart preparations probably leads to the formation of 
some succinic acid, since succinic semialdehyde produced a catalytic stimu- 


TaB_e II 
Comparative Utilization Rates of a-Ketoglutaric Acid and Succinic Semialdehyde 
under Anaerobic and Aerobic Conditions 
The manometer bottles contained 1.5 ec. of enzyme and 0.004 m MgCl., plus 0.03 mu 
potassium phosphate buffer of pH 7.5, 0.0004 m adenosine triphosphate, and 0.05 m 
sodium malonate (Experiments 1, 2, and 5), or 0.05 m phosphate buffer, 0.002 m 
adenosine triphosphate, and 0.025 m sodium malonate (Experiments 3 and 4). The 
final volume was made up to 2 cc. with water. Temperature 36.5°. Incubation time 
40 minutes. All values are corrected for enzyme blanks and are expressed in 


micromoles. 


a-Keto-| Succinic 


Experi- einen COs worsen a | 
ment Substrate Gas vee! ver | es 
No uptake ar acid dehyde 

. utilized | utilized 
l a-Ketoglutarie acid (56) Nitrogen 2.2 7.2 
" (56) Oxygen 23.8 39.3 
2 (38) Nitrogen 2.0 3.4 
(38 Oxygen 22.2 37.1 
3° “i ‘* (64) = 9.0 20.2 
Succinic semialdehyde (96 ” 0.2 1.0 
4t | a-Ketoglutaric acid (64) ” 23.8 41.0 
Succinic semialdehyde (96) ° 1.0 5.0 
5 a-Ketoglutaric acid (39) 20.7 39.0 
Succinie semialdehyde (100) 2.1 
a-Ketoglutaric acid (39) + succinic we 23.2 39.0 


semialdehyde (100) 





* Enzyme dialyzed 4.5 hours. 
t Enzyme dialyzed 2 hours. 


lation of the enzymatic oxidation of pyruvate similar to that caused by small 
amounts of succinate or fumarate. 

Some Components of a-Ketoglutaric Dehydrogenase—As shown in Fig. 1, 
the enzyme depends for activity upon the presence of inorganic phosphate, 
adenine nucleotide, and magnesium ions, three of the substances which as 
previously shown (11) are also required for pyruvate oxidation. Arsenate 
cannot be substituted for phosphate, a finding which is of interest in view of 
the fact that arsenate and phosphate are equally effective with bacterial 
(4, 5) and brain (12) pyruvic dehydrogenase. Adenine nucleotide and 
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inorganic phosphate could be satisfactorily removed by dialysis against 
dilute potassium chloride solutions for 5 hours, whereas magnesium was 
removed to an adequate extent only by dialysis against pyrophosphate 
buffer of pH 8.5 for 2.5 hours followed by dialysis against salt solution for a 
similar period in order to get rid of the pyrophosphate.* The effect of in- 
creasing concentrations of inorganic phosphate is shown in Fig. 2; maximum 
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Fic. 1. Components of the a-ketoglutaric dehydrogenase (average results of two 
to seven individual experiments). The oxygen uptake of the samples in which one 
addition was omitted is expressed as a percentage of that of the complete system 
at a given time. The complete system (Curve 1) contained 1.5 ce. of dialyzed en- 
zyme, MgCl, (0.004 m), phosphate buffer of pH 7.5 (> 0.01 m), adenylic acid or adeno- 
sine triphosphate (0.003 m), malonate (0.025 to 0.05 m), and a-ketoglutarate (0.015 
to 0.03 m). Curve 2, no magnesium (enzyme dialyzed successively against pyro- 
phosphate and orthophosphate); Curve 3, arsenate instead of phosphate; Curves 4 
and 5, either no phosphate or no adenylic acid; Curve 6, no a-ketoglutarate. Final 
volume 2 ec.; oxygen; 36.5°. 

Fic. 2. Rate of oxygen uptake as a function of the concentration of inorganic 
phosphate. The broken line represents extrapolation to zero phosphate concentra- 
tion. The manometer bottles contained 1.5 cc. of dialyzed enzyme, 0.004 m MgCl, 
0.005 m glycine buffer of pH 7.5, 0.003 m adenylic acid, 0.025 m malonate, and 0.03 
uM a-ketoglutarate. Final volume 2 cc.; oxygen; 36.5°. 


reaction rates were obtained with 0.01 m phosphate. Extrapolation to 
zero phosphate concentration suggests that the system would be totally 
inactive in the complete absence of phosphate. When both glucose and 
fluoride are added to a complete system containing an excess of a-ketoglu- 


? The concentration of pyrophosphate left in the enzyme suspension was about 
0.001 Mm. 
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tarate, there is often a sudden and very pronounced drop in the rate of 
oxygen uptake after 15 to 20 minutes, coinciding with the almost complete 
disappearance of inorganic phosphate from the reaction mixture. 

Table III shows the effect of increasing concentrations of adenine nucleo- 
tide. While adenosine triphosphate seems to be more effective than muscle 
adenylic acid, it is apparent that rather high concentrations of nucleotide 
are required to produce maximum activity. However, it is possible that 
the nucleotides are partially destroyed by phosphatase and deaminase 
which may be present in the enzyme suspensions and adenylic acid would 


Tasie III 
Effect of Adenine Nucleotide 
The manometer bottles contained 1.5 ce. of dialyzed enzyme, 0.004 m MgCle, 0.03 
mM potassium phosphate buffer of pH 7.5, 0.025 m sodium malonate, and 0.03 m sodium 
a-ketoglutarate. The final volume was made up to 2 cc. with water. Temperature 
36.5°. Gas space 100 per cent oxygen. Incubation time 40 minutes. 


Additions 


Experiment Oxygen a-Ketoglutaric 
No. uptake acid utilized 
Compound Amount | 
micromoles micromoles micromoles 
l 1.4 4.4 
Muscle adenylic acid 1.2 3.0 6.1 
= ™ - 3.0 5.0 8.5 
“ oe o 6.0 17.4 32.0 
2 1.3 10.0 
Adenosine triphosphate 0.4 4.3 12.5 
” - 1.2 19.6 38.4 
“ o 2 of he - P “ae 
3 | Be | 4.0 
Adenosine triphosphate 6.0 11.3 24.4 
Yeast adenylic acid 6.0 1.5 
Adenosine 7.5 1.7 3.8 


be more susceptible than adenosine polyphosphate to the action of such 
enzymes, so that nothing definite can be said in regard to the optimum con- 
centrations or the relative activities of mono- and polyphosphorylated 
adenine nucleotides until the a-ketoglutaric enzyme can be obtained in a 
purer condition. On the other hand, it is clear from the data of Table III 
that the action of the nucleotide is a catalytic one. Table IIT also shows 
that yeart adenylic acid and adenosine are inactive. 

The optimum concentration of magnesium is about 0.002 m or 50 y per 
ec.; Manganese can replace magnesium but is less active (Table IV). 

Diphosphothiamine—Attempts to split off diphosphothiamine in a revers- 
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ible manner have so far met with little success. After the enzyme suspen- 
sions are brought at 0° to pH 4.5 for 10 to 15 minutes with acetate buffer 
and the resulting precipitate is resuspended in phosphate buffer, a method 
successfully used by Green et al. (9) with their carboxylases, diphospho- 
thiamine produced a small increase (25 to 45 per cent) of the rate of oxida- 
tion of a-ketoglutarate, while dialysis for 2 to 3 hours against pyrophosphate 
buffer at pH 9.5 and 0° did not cause any dissociation; both procedures led 
to marked inactivation of the enzyme. 

Carriers—There is now much doubt regarding the participation of 4-car- 
bon dicarboxylic acids as hydrogen carriers in biological oxidations (13), as 
originally postulated by Szent-Gyérgyi. Their effects can be explained by 


TABLE IV 
Effect of Magnesium and Manganese 


The manometer bottles contained 1.5 cc. of enzyme dialyzed successively against 
0.02 m pyrophosphate buffer of pH 8.5 and 0.05 m orthophosphate buffer of pH 7.5 each 
time for 2.5 hours, 0.003 m adenosine triphosphate, 0.025 m sodium malonate, and 
0.02 m sodium a-ketoglutarate. The final volume was made up to 2 cc. with water. 
Temperature 36.5°. Gas phase 100 per cent oxygen. Incubation time 40 minutes. 





Additions — 
= ad Oxygen uptake yy acid 
MgCle MnCh 
a micromoles mlcromeles c.mm. > | ” 3S ee t 
_ 98 1.63 
2 | 307 
4 | 395 j 5 . 00 
S 350 
0.9 | 188 
3.6 253 3.63 


the fact that they are involved in condensations which are essential for the 
oxidation of pyruvic acid. It is clear from the data of Table V that 4-carbon 
dicarboxylic acids were not involved in the transport of hydrogen from 
a-ketoglutarate to oxygen, since the rate of oxidation of a-ketoglutarate 
was independent of the absence or presence of fumarate. Cozymase was 
added in all experiments of Table V in order to insure the functioning of the 
malate <= oxalacetate (malic dehydrogenase) system; this was indicated by 
the fact that fumarate was readily oxidized by the enzyme suspensions. It 
might be argued that the succinate formed from a-ketoglutarate would 
overcome to some extent the malonate block of the succinic dehydrogenase 
so that eventually fumarate would become available to the system, but if 
fumarate were indispensable one would expect its addition to have a con- 
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siderable effect on the initial rate of a-ketoglutarate oxidation; that this was 
not the case is indicated (cf. Table V) by the values of the oxygen uptake 
during the first 10 minutes of incubation. An experiment with pyruvate 
(Experiment 2b, Table V) is given as a control of the extent to which 4-car- 
bon dicarboxylic acids were absent from the enzyme preparations. 

In contrast to the coenzyme dehydrogenases, the succinic dehydrogenase, 
and the pyruvic dehydrogenase of Escherichia coli (5) and brain (12), the 


TABLE V 
C, Dicarbozylic Acids 
The manometer bottles contained 1.5 ec. of dialyzed enzyme, 0.004 m MgCle, 0.03 
mM potassium phosphate buffer of pH 7.5, 0.003 m adenosine triphosphate, and 0.0007 m 
cozymase. The final volume was made up to 2 cc. with water. Temperature 36.5°. 


Gas space 100 per cent oxygen 


Additions (m X 107%) 
ddition x a-Ketoglu- j Pyruvic 


mapprmment zaere | Time ‘ue taric acid acid 
Malonate | Fumarate =, Pyruvate utilized utilized 
min ¢.mm me. me. 
| 25 35 | 10 63 
D>) Beier Bly | 
25 2.2 10 16 
10 38 
25 2.2° | 35 tek. @& 
10 | 258 3.12 
2a 50 20 | | 10 29 
10) 82 173 | 
50 2.2 | el eal 
40 | 36 
aU 2.2 20 10 
10 99 1.34 
2b 14 10 27 
10) 70 i 0.3] 
2.2 10 56 | 
40 132 
2.2 14 10 | 170 
40 602 | 1.44 


heart a-ketoglutaric dehydrogenase does not react or reacts only very 
slowly with artificial carriers such as methylene blue, pyocyanine, gallocya- 
nine, thionine, and ferricyanide. The aerobic oxidation of a-ketoglutarate 
is inhibited by cyanide, suggesting a participation of the cytochromesystem. 
Ferricytochrome c is rapidly reduced by a-ketoglutarate in the presence 
of the enzyme; the rate of reduction is identical with the rate of oxygen 
uptake, indicating that cytochrome c¢ is a physiological carrier in the 
system. Thus in an experiment with 10 X 10~-* mole of ferricytochrome 
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c,3 X 107° mole was reduced in 1 minute’ at 24°, corresponding to an 
yptake of 0.17 c.mm. of O2; in a parallel experiment at 24° with the same 
enzyme the rate of oxygen uptake was 6 c.mm. of O: per minute, which 
multiplied by the ratio of enzyme dilutions in the manometric and optical 
test respectively gives 6 X 1.34/60 = 0.13 c.mm. of Os. 

Fig. 3 shows that, under the conditions of the optical test, the reduction of 
cytochrome c is practically a linear function of time for the first 3 minutes, 
and that there is no reaction in the absence of either a-ketoglutarate or 
adenine nucleotide when dialyzed enzyme is used. Deficiency of inorganic 
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Fig. 3. Rate of reduction of cytochrome c. The complete system contained 0.1 
ee. of enzyme, 0.0013 m MgCle, 0.025 m phosphate buffer (pH 7.3), 0.0001 m adenosine 
triphosphate, 0.05 m malonate, 12 X 10°° mole of cytochrome c, 0.001 m KCN, and 
0.003 M a-ketoglutarate. The final volume was made up to 6 cc. with water. Air; 
24°. Continuous lines, dialyzed enzyme; broken lines, undialyzed enzyme. O com- 
plete; @ no adenosine triphosphate; A no a-ketoglutarate. 

lia. 4. Rate of reduction of cytochrome c as a function of the enzyme concentra- 
tion. The conditions were the same as in the complete system of Fig. 3 with various 
amounts of undialyzed enzyme. 


phosphate or magnesium also gave suboptimal reaction rates. With un- 


dialyzed enzyme, probably because of its high dilution in this test, it was 


* The concentration of ferricytochrome c (Coz) was calculated by the equation 


1/d log I/. I — Grea X Crotat 


Qos “~ Gred 


’ 
of 


where Cw = total cytochrome c concentration; a.» = absorption coefficient of 
ferricytochrome c at 550 mu = 0.0956 XK 10° (em.* X moles); area = absorption 
coefficient of ferrocytochrome c at 550 mp = 0.281 XK 10° (em.* X moles™'); and d = 
length of light path in absorption cells = 1.306 cm. 
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necessary to add adenine nucleotide in order to obtain optimal reaction 
rates (Fig. 3). Fig. 4 shows that the rate of reduction of cytochrome c was 
proportional to the concentration of enzyme. 

Properties of Enzyme—The substrate affinity of a-ketoglutaric dehydro- 
genase is high; under the conditions of the manometric test the maximum 
rate of oxygen uptake was reached with about 0.007 m a-ketoglutarate; the 
half speed concentration was about 0.0025 m (Fig. 5). 

The pH-activity curve is shown in Fig. 6. The optimum pH is about 
7.0; the enzyme activity falls off rather sharply to either side of the maxi- 
mum. The reaction mixtures were buffered with 0.025 m phosphate and 
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Fie. 5. Rate of oxygen uptake as a function of the concentration of a-ketoglu- 
tarate. The manometer bottles contained 1.5 ce. of enzyme, 0.004 m MgCl, 0.08 
m phosphate buffer of pH 7.5, 0.0004 m adenosine triphosphate, and 0.05 m malonate. 
Final volume 2 ec.; oxygen; 36.5°. 

Fie. 6. Rate of reduction of cytochrome ¢ as a function of pH. The conditions 
were the same as in the complete system of Fig. 3 with undialyzed enzyme. 


the pH values were determined with the glass electrode after the spectropho-. 
tometric determinations had been made. 

The a-ketoglutaric dehydrogenase is relatively stable in the enzyme sus- 
pensions that have been used in this work. When kept at 0° the activity 
decreases about 20 per cent in 24 hours and 50 to 60 per cent in 4 days. 
The enzyme withstands freezing relatively well (30 per cent loss of activity) 
but was completely destroyed by drying the suspensions in the frozen state. 
After centrifugation at 15,000 r.p.m. for 10 minutes at 10° about 90 per cent 
of the original activity was present in the sedimented particles and the re- 
maining 10 per cent in the opalescent supernatant. 

Preparations with a-ketoglutaric dehydrogenase activity were obtained 
from the heart of the cat, pig, and sheep; the relative activities were about 
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100, 50, and 35 respectively. Similar preparations from pigeon breast 
muscle were almost inactive. Pigeon brain homogenates (11) were fairly 
active (cf. Table I). 


DISCUSSION 


It is tempting to assume that there may exist a functional relationship 
between the dependence of the action of the animal a-ketoglutaric dehydro- 
genase upon the presence of adenine nucleotide and the large amount of 
phosphorylation caused by its activity. Suecinyl phosphate, which may be 
a primary reaction product, is very rapidly dephosphorylated by the enzyme 
suspensions used in this work and by similar tissue preparations‘ in the 
absence of added adenine nucleotide, and it is difficult to visualize the 
function of the nucleotide unless it is assumed that it forms a dissociable 
compound with the dehydrogenase and that the transfer of phosphate 
between the phosphorylated primary dehydrogenation product and adenine 
nucleotide takes place on the surface of the dehydrogenase itself instead of 
being mediated by a second enzyme. It is conceivable that a large increase 
in the functional efficiency of this type of enzymes may have been achieved 
by incorporation of several prosthetic groups in the same protein or by 
formation of a highly specialized enzyme complex. 

The present work gives no information as to the existence or otherwise 
of intermediate carriers between a-ketoglutarate and cytochrome c but it is 
likely that a flavine nucleotide (cf. (4, 14)) may be involved either as a 
prosthetic group of the dehydrogenase or as a separate flavoprotein. 


EXPERIMENTAL 


Preparation of Enzyme Suspension—The heart was chilled in ice and after 
removal of fat and connective tissue was finely minced and washed three 
times for 5 to 10 minutes at 0° with 15 to 20 volumes of 0.9 per cent potas- 
sium chloride with brisk mechanical stirring, the tissue being separated each 
time by centrifugation. The last washing was almost colorless. The 
washed mince was ground at 0° with sand and 2 volumes of either 0.9 per 
cent potassium chloride or 0.065 m potassium phosphate buffer of pH 7.5 
and the resulting paste was centrifuged at low speed for 2 to 3 minutes. 
The supernatant was kept at 0° until used. There was a fairly wide range 
of variation in the activity of individual preparations. 

Dialysis—When desired the enzyme suspensions were dialyzed for 5 hours 
in thin collodion tubes (about 1.3 em. in diameter) against 3.5 liters of either 
0.4 per cent potassium chloride or 0.05 m potassium phosphate buffer of pH 


‘Lipmann, F., personal communication; Ochoa, 8., unpublished. The same is 
true of acetyl phosphate. I am very indebted to Dr. Lipmann for samples of suc- 
cinyl phosphate and acetyl phosphate. 
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7.5 at 0.5-2° unless otherwise stated. Continuous mechanical rocking of 
the dialysis tubes and outside stirring insured rapid diffusion. There al- 
ways occurred some irreversible inactivation of the enzyme when the 
dialysis time exceeded 2 hours and it increased with increasing duration of 
dialysis. 

Manometric Test—The main space of the Warburg bottles contained 1.5 
ce. of enzyme plus various additions as indicated and the final volume was 
made up to 2.0 ec. with water; the center well contained alkali. 0.1 cc. of 
a freshly prepared neutralized solution of a-ketoglutaric acid was placed in 
the side bulb and was mixed with the enzyme just before the bottles were 
placed in the thermostat. 5 minutes were allowed for temperature equili- 
bration. For extrapolation of the oxygen consumption back to zero time 
it was assumed that the oxygen uptake during temperature equilibration 
was 70 per cent of that occurring during the first 5 minutes of measuring 
the gas exchange. Respiratory quotients were determined as in previous 
work (8). Anaerobic CO, evolution was determined as the sum of CO, 
evolved during incubation plus that liberated at the end by acidification of 
the reaction mixtures. 

Optical Test—0.1 ce. of enzyme with additions as indicated in Fig. 3 was 
made up with water to 6 ce. Additions were made in the following order: 
magnesium chloride, adenine nucleotide, malonate, water, phosphate buffer, 
cytochrome c (10 to 12 X 10~* mole), enzyme, cyanide, and a-ketoglutarate. 
2 minutes were allowed for temperature equilibration after addition of the 
ice-cold enzyme; 0.06 cc. of neutralized 0.1 M potassium cyanide was next 
added and the extinction of light of the wave-length 550 my was measured 
(zero time). 0.05 cc. of a-ketoglutarate was then added and the extinction 
values were measured at 1 minute intervals thereafter. The test was car- 
ried out in air at room temperature (24-25°). Cyanide was added in order 
to prevent reoxidation of ferrocytochrome c by the cytochrome oxidase; as 
used in the test it does not interfere with the reduction of cytochrome c 
(cf. (15)). The light extinction was measured with a Coleman type 10-8 
photoelectric spectrophotometer with an exit slit of 5 mu. The width of 
the absorption cells was d = 1.306 cm. 

Analytical Methods—a-Ketoglutaric and pyruvic acids were determined 
according to Friedemann and Haugen (16) in trichloroacetic acid filtrates. 
Succinie semialdehyde was determined in a similar manner as the 2,4- 
dinitrophenylhydrazone. The fact that the color given by the latter on 
addition of alkali fades very rapidly, whereas that given by the 2, 4-dinitro- 
phenylhydrazone of a-ketoglutaric acid is very stable was utilized in deter- 
mining a-ketoglutaric acid in the presence of succinic semialdehyde. 
Phosphate was determined as in previous work (8). Succinie acid was 
determined manometrically with succinoxidase according to Krebs and 
Eggleston (17). The method gives the sum of succinate plus a-ketogluta- 
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rate present and the amount of preformed succinate was obtained by sub- 
tracting the succinate equivalent of the a-ketoglutarate found by the 
hydrazone method. All estimations were carried out in duplicate and 
agreed to within 5 per cent. 

Chemical Preparations—a-Ketoglutaric acid was prepared according to 
Neuberg and Ringer (18) and recrystallized from ethyl acetate with petro- 
leum ether as described by Wislicenus and Waldmiiller (19); it melted at 
116-117°. Suecinic semialdehyde was prepared by the method of Carriere 
(20); the 2,4-dinitrophenylhydrazone (recrystallized from 95 per cent 
alcohol) melted at 204°. Freshly distilled succinic semialdehyde was di- 
luted with water and neutralized with the calculated amount of sodium 
hydroxide. Cytochrome c was prepared from beef heart by the method of 
Keilin and Hartree (21) and its concentration was determined spectropho- 
tometrically with the absorption coefficients given by Theorell (22). 
Adenosine triphosphate and muscle adenylic acid were prepared as pre- 


viously described (8). 
SUMMARY 


Cell-free suspensions of washed heart muscle contain a very active a-keto- 
glutaric dehydrogenase. When the succinic dehydrogenase is inhibited by 
malonate, and in presence of glucose, the preparations catalyze the oxidative 
decarboxylation of a-ketoglutaric acid to succinie acid and carbon dioxide, 
while 3 molecules of phosphate are simultaneously esterified to the sugar 
forming hexose diphosphate. The oxidative decarboxylation of a-ketoglu- 
tarate is not caused by the action of a carboxylase followed by that of an 
aldehyde oxidase but by a single enzyme or enzyme complex. Inorganic 
phosphate, magnesium ions, and either muscle adenylic acid or adenosine 
triphosphate are required for activity of the a-ketoglutaric dehydrogenase. 
Arsenate cannot be substituted for phosphate. Cytochrome c is a physio- 
logical electron carrier between a-ketoglutarate and molecular oxygen. The 
system of 4-carbon dicarboxylic acids is not involved in the hydrogen 


transfer. 


I am very indebted to Dr. Norman Jolliffe for his interest in this work, 
to Dr. Z. Dische for a sample of adenosine, to Dr. H. Tauber for a sample of 
yeast adenylic acid, and to Dr. K. G. Stern for several oxidation-reduction 
dyes and for the high speed centrifugation of the enzyme suspension. My 
thanks are also due to the director and the staff of the Department of 
Chemistry of New York University College of Medicine for placing their 
spectrophotometer at my disposal and extending to me the hospitality of 
their laboratory for the spectrophotometric measurements. Part of this 
work was carried out with the technical assistance of Mrs. Theodora 


Goldstein. 
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A DIFFERENCE IN THE METABOLISM OF /- AND dl-TRYPTO- 
PHANE IN THE HUMAN* 


By ANTHONY A. ALBANESEf ano JANE E. FRANKSTON 


(From the Harriet Lane Home of the Johns Hopkins Hospital, and the Department of 
Pediatrics, The Johns Hopkins University, Baltimore) 


(Received for publication, May 7, 1944) 


While studying the rates of tryptophane excretion in humans subsequent 
to the ingestion of 2 gm. of I- or dl-tryptophane (Merck), we observed a 
deep purple coloration on the addition of the Hopkins-Cole precipitating 
reagent (requisite for the tryptophane determination) to the urine speci- 
mens collected from the first subject to whom dl-tryptophane had been fed. 
Although we had already performed numerous tryptophane determinations 
on urine of normal subjects who had ingested I-tryptophane and of subjects 
on tryptophane-deficient diets, this phenomenon had not been previously 
observed. To test the possibility of this being an individual or transient 
characteristic, the experiment was repeated and the finding confirmed in the 
same individual after a lapse of several days, as well as in another subject. 
It appeared, therefore, that this pigment formation is a characteristic effect 
due to the ingestion of the d component of dl-tryptophane by the human 
adult. 

Application of a number of qualitative color reactions to these abnormal 
urine specimens indicated that the aberrant substance might be an indole 
derivative. A heavy reddish purple precipitate is formed on the addition of 
(0.1 N iodine solution to the urine of subjects who have received dl-trypto- 
phane, but no precipitation takes place after the ingestion of /-tryptophane. 
The properties of the product are similar to those of indigo red. However, 
although a number of properties of the d-tryptophane metabolite which 
gives rise to indigo red in the presence of iodine have been observed, its 
isolation has not been achieved nor its identity established by reason of its 
close similarity to other indole compounds in the urine. Indeed, its only 
true differentiating characteristic lies in the formation of indigo red in the 
presence of iodine in neutral or slightly acid solution. 


EXPERIMENTAL 


Human Experiment—Following our first observations an effort was made 
to determine quantitatively the amount of aberrant metabolite by means 


* Aided by grants from the Rockefeller Foundation and the Nutrition Foundation, 


Ine. 
t A preliminary report was presented at the meeting of the Johns Hopkins Research 
Society on February 11, 1944 
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of the iodine reaction. For this purpose four normal adults were fed 1 gm. 
of l-tryptophane (Merck) with 300 ec. of water 2 hours after a standard light 
breakfast and the following day 1 gm. of dl-tryptophane (Merck) was simi- 
larly given. The urine was collected at hourly intervals and the volume 
recorded. The output of the metabolite was determined by the following 
quantitative adaptation of the iodine test mentioned below. To 8 cc. of 
filtered urine in weighed 15 cc. centrifuge tubes were added 2 cc. of 0.1 x 
iodine solution and the reaction mixture was refrigerated overnight. After 
centrifugation, the supernatant fluid was decanted and discarded. The 
precipitates were then washed three times by resuspension in 10 cc. of dis- 


TaBLe I 


Excretion of Unknown Indole Derivative after Ingestion of 1 Gm. of dl- and l-Tryptophane 
by Normal Adult Humans 


The results listed are for the dl form; no indigo red formed in the urine of sub- 
jects fed l-tryptophane. 


Unknown indole derivative as indigo red* 


Time after ingestion 2 ; . . ; — 
Subject W, female,) Subject I, female, | Subject H, male, |Subject B, female, 


53.6 kilos 62.0 kilos 75.0 kilos 50.0 kilos 
hrs. me. me. me. | ay 
0 0 0 | 0 0 
56.50 18.75 60.60 72.30 
2 41.80 23.00 62.50 41.30 
: 23.45 81.60 70.20 39.60 
5 30.80 145.50 121.10 115.50 
6 5.00t | 0 0 0 
Total excretion 157.55 268.85 314.40 268.70 


* By calculation, 1 gm. of dl-tryptophane = 0.5 gm. of d-tryptophane = 322 mg. 


of indigo red. 
+0 excretion at the 7th hour. 


tilled water, centrifugation, and decantation of the supernatant liquid. 
The final residues in the tubes were dried to constant weight in a 60° oven 
and the weight of the insoluble product determined by difference. The 
data from these experiments are shown in Table I. It will be observed that 
no indigo red formed in the urine of the subjects when /-tryptophane was 
fed, but that considerable amounts were obtained when these same subjects 
received dl-tryptophane. 

To date this biological difference of l- and dl-tryptophane has been tested 
by thirty-four experiments on humans and in every instance the results 
have confirmed the original observations. These experiments have 
brought forth the following additional information of physiological interest: 
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(a) elimination of the metabolite is not affected by the intake of food before 
or after ingestion of racemic tryptophane; (0) its excretion usually subsided 
6 to 7 hours after administration of 1 gm. of dl-tryptophane and 8 to 9 
hours after 2 gm. of the amino acid had been fed; (c) in general the output 
rises to a maximum and then falls off sharply to zero. 

Isolation and Identification of Indigo Red Formed by Action of Iodine on 
Urines of Subjects Fed dl-Tryptophane—Each of six normal adult humans 
was given | gm. of di-tryptophane (Merck) by mouth with 300 cc. of water 
and the urine specimens were collected at hourly intervals to the 4th hour 
after administration of the amino acid. Each specimen was tested by add- 
ing 2 cc. of 0.1 N iodine solution to 8 cc. of urine; on being cooled in the ice 
box for 1 to 2 hours all the samples contained the characteristic reddish 
purple precipitate. The specimens were pooled and filtered by gravity 
through fluted paper; a total of 950 cc. of urine was obtained. To 500 ce. 
of this urine were added 100 cc. of iodine solution and the mixture was re- 
frigerated overnight at 4°. Experience having shown filtration by gravity 
or suction to be an unsatisfactory separation procedure, the precipitate was 
collected in a weighed 50 cc. cone bottom tube by centrifugation and 
washed five times by resuspension in distilled water, centrifugation, and 
careful decantation of the rose-tinted supernatant solution. On being dried 
to constant weight in a 60° oven, the washed product was found to weigh 
153.5 mg. and contained 10.85 per cent N by micro-Kjeldahl analysis (1). 
On recrystallization.of 50 mg. of this crude substance from methyl alco- 
hol, 34 mg. of a purple plate-shaped crystalline material were obtained which 
contained 10.61 per cent N. A second recrystallization did not change the 
nitrogen value significantly, although an over-all manipulative loss of 24 
mg. was incurred. When a small sample of the product was heated in an 
open flame, a characteristic indole odor was obtained. The sublimation 
range of the substance was found to be 300-340°, which coincides with that 
reported for indigo red, 295-340° (2). The nitrogen (1) and carbon (3) 
analyses are in agreement with the formula for indigo red or blue. 


CHyN:O2. Calculated, C 73.20, N 10.69; found, C 73.01, N 10.61 


The probable identity of the isolated product with indigo red was deduced 
from the following evidence. The compound is the result of an oxidative 
process, since the consumed iodine could be quantitatively recovered by 
thicsulfate titration on treatment of an aliquot of the filtrate of the reaction 
mixture with potassium iodate. This was further demonstrated by the fact 
that bromine water, hydrogen peroxide, and sodium hypochlorite in acid 
solution all yield dark purple pigments on addition to the urine derived from 
subjects fed dl-tryptophane. The literature (2) indicated that indigo blue 
and indigo red are usual products resulting from the action of these oxidiz- 
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ing agents on the urine. When an alkaline solution of the isolated product 
with glucose or sodium hydrosulfite was warmed, the original deep red color 
of the solution disappeared. An acetone solution of the isolated product 
exhibited a maximum absorption in the region 540 to 560 mu with a peak 
which is similar to that reported for indigo red (4). An authentic sample of 
indigo blue in acetone was found to have a maximum absorption in the range 
580 to 600 my and a peak at 600 mu. This suggests the identity of the un- 
known product to indigo red rather than indigo blue. 

The compound is insoluble in cold or hot water and 10 per cent hydro- 
chloric, sulfuric, or nitric acid. It dissolves in concentrated sulfuric acid to 
form a yellowish green solution which becomes deep brown on standing. 
The compound dissolves readily in 10 per cent sodium hydroxide or potas- 
sium hydroxide, from which it is readily precipitated on neutralization with 
hydrochloric acid. Excessive heating of the alkaline solution results in 
some decomposition of the product. Solution could not be effected even in 
50 per cent potassium carbonate. It is readily soluble in hot methyl or 
ethyl alcohol or acetone and slightly soluble in chloroform or ether. On 
standing overnight these solutions take on a definite bluish tint. Solution 
in glacial acetic acid is easily effected but on heating the color changes to a 
greenish yellow tint. A comparison of these solubility data with those 
reported for indigo red (2) lends validity to the view that the isolated prod- 
uct is indigo red. 


Survey of Possible Metabolites of Tryptophane Giving Rise to Indigo Red 


Inasmuch as numerous attempts at isolation and identification of the 
dl-tryptophane metabolite which gives rise to indigo red have to date been 
futile, a study of some probable tryptophane metabolites was made to de- 
termine which of these reacted similarly to the unknown substance. 

Tryptophane—The addition of iodine solution to normal urine to which 
dl-tryptophane (Merck) has been added results in the formation of a tan- 
brown precipitate on refrigerating overnight. This dissolves readily in 
acetone to a chocolate-brown solution and contains 6.14 per cent N; the 
calculated N for diiodotryptophane is 6.11 per cent. Clearly, this com- 
pound is not similar to the isolated product. Moreover, the augmentation 
of the tryptophane output of the subjects was about the same on admin- 
istration of l- or dl-tryptophane. 

Tryptamine—lodine solution was found to react with tryptamine in 
normal urine, giving an insoluble brown product which is very soluble in 
acetone and contains 6.78 per cent N; the theory for diiodotryptamine is 
6.81 per cent N. This substance also cannot be regarded as the immediate 
precursor of indigo red. 

Indoleacetic and Indolepropionic Acids—Neither of these two compounds 
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formed insoluble substances on treatment with iodine solution under the 
conditions of the test and they cannot therefore be regarded as immediate 
sources of indigo red in the urine. 

» Indoxyl (Indican)—Although indoxy] would be expected to be the source 
of indigo red obtained from the urine of humans fed dl-tryptophane, the 
data in Table II indicate that this is not so. It is obvious that the amount 
of indican present as determined by the method of Sharlit (5) could in no 
way account for the amount of indigo red isolated from the urine of the 
subjects given dl-tryptophane or the failure to obtain indigo red subsequent 
to l-tryptophane administration. These considerations preclude the possi- 
bility of indoxyl acting as a source of indigo red in this instance. 


TaBLe II 
Excretion of Indole Substances after Ingestion of 2 Gm. of l- and dl-Tryptophane by 
Normal Adult Humans 


Excretion of indole | | | Excretion of indole 
































substances* | substances* 
Subj | after | Tryp. ByRy subject, sex, | alter |/TEP- 

Subject ser | after |"" to | d-Teyptophane | Subjectser | ater |" tor | a-Tryptopbane 
| tion | Phanet tion pheee' et 
Indican | Indican | — Indican | Indican| a of 

| Ars. mg. | mg. | mg hrs. mg. meg. mg. 

Subject A, 0.0 | 0.71 | 1.17 | 0.0 | Subject F, | 0.0 | 1.20; 1.59; O 

male,70 | 0.5 |0.70|0.95| 4.3| female, | 0.5 | 0.41|0.42| 0 

kilos 1.0 | 0.39 | 0.98 38.1} 60 kilos 1.0 | 0.42 | 0.42 0 
| 2.0 | 0.49 | 2.34 | 20.5 | 2.0 | 0.63 | 0.68 | 18.3 
| 3.0 | 0.45 | 1.80 | 51.4 3.0 | 0.57 | 1.33 | 16.8 
| 4.0 | 0.40 | 0.46 | 62.4 4.0 | 0.50 | 0.62 | 70.0 

| 9.0 | o | 8.0 | 0 














* The iodine test was applied qualitatively after the 4th hour. 
t All readings for indigo red were 0. 


Skatole and Indole—These two substances were excluded as indigo red 
sources by the finding that, on distillation of urine samples collected from 
subjects fed dl-tryptophane under the conditions described by Zoller (6) as 
optimal for the volatilization of indole or skatole, the distillate failed to 
yield indigo red on treatment with iodine solution and an aliquot of the 
residue yielded the same amount of indigo red on addition of iodine solution 
as was obtained from a comparable amount of the original sample. In 
subject A, male, given 1 gm. of dl-tryptophane, the 3rd hour specimen meas- 
ured 36 ce. and yielded 1.95 mg. per cc. of indigo red by the iodine reaction. 
The reaction of 25 cc. of this urine was made alkaline to phenolphthalein 
with 10 per cent NaOH and concentrated to 10 ce. by distillation. The 
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residue was then made neutral to litmus with dilute HCl and the volume 
readjusted to 25 cc. When 8 ce. of this solution were submitted to the 
iodine reaction, 1.90 mg. per cc. of indigo red were obtained. Moreover, 
the distillate failed to give a positive iodine reaction for indigo red, a 
Salkowski nitrosoindole (7) reaction for indole, or Herter’s (8) p-dimethy]l- 
aminobenzaldehyde blue reaction for skatole. Inasmuchas indole-3-alde- 
hyde and indole-3-carborylic acid could be expected to be degraded to indole 
(9) under the condition of this distillation procedure, these two substances 
are also precluded from consideration as the precursor of indigo red. 

Although it is evident from the foregoing data that the dl-tryptophane 
metabolite which gives rise to indigo red on treatment with iodine solution 
is an indole derivative, it is clearly not one of the substances commonly 
regarded as a product of intermediary metabolism of tryptophane (10). It 
has been found to be stable in the urine on heating for 1 hour in the presence 
of 10 per cent sodium hydroxide or sulfuric acid. The metabolite could not 
be extracted from neutral or acidified urine with chloroform, ether, or iso- 
butyl alcohol. Direct application of the nitroso reaction to these urines 
yielded an orange-red color which could be extracted with isobutyl alcohol 
but not chloroform or ether. From the literature (2), this is suggestive of 
the absence of indole and the possible presence of indoleacetic acid, which 
has been ruled out by previous experiment. On treatment of a sample of 
this urine with Obermayer’s reagent (11) a deep red color formed which 
could not be extracted with chloroform or ether but readily extracted with 
isobutyl alcohol. The failure to obtain a blue color with this reagent de- 
notes the absence of appreciable amounts of indican and the solubility of the 
red color in isobutyl alcohol according to Salkowski (12) suggests the pres- 
ence of indoleacetic acid. It is to be noted, however, that although these 
color reactions were intense in the urine of subjects fed dl-tryptophane, they 
were also obtained in a lesser degree with normal urine or urine of subjects 
fed l-tryptophane. Obviously, the unspecific nature of these color reac- 
tions does not permit clear interpretation of the data so obtained. 

In this survey no direct tests for other possible intermediary metabolites 
of tryptophane which might give rise to indigo red have been made. How- 
ever, some of these are precluded to a certain extent by circumstantial 
evidence. Although indorylic acid is known to be oxidized readily to 
indigoid pigments, the non-volatile nature of the unknown substance 
obviates its possible identity with this acid. The failure of the product to 
dissolve in ether, chloroform, or isobutyl] alcohol on extraction in a measure 
excludes its probable identity with indolelactic acid, indolepyruvic acid (13), 
and a number of other possible indole compounds. The fact that a deep 
red and not a blue color was obtained when the urine of the subjects who 
had received dl-tryptophane was treated with Ehrlich’s aldehyde reagent 
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points to the presence of increased amounts of indole rather than skatole 
derivatives (8). However, this color reaction cannot be regarded as suffi- 
cient evidence for the exclusion of a skatole derivative as the possible 
intermediate. 

Comment 


Although the d and | forms of tryptophane have been reported by Berg 
(14) and du Vigneaud, Sealock, and Van Etten (15) to be equally effective 
in promoting growth in rats, there is evidence that mice fail to grow (16) 
or grow poorly (17) on diets supplemented with d-tryptophane. Our pres- 
ent studies indicate that the metabolism of the d component of dl-trypto- 
phane in the human differs markedly from that of l-tryptophane. From 
the data in Tables I and II it appears that the greater part of the metabo- 
lized d component can be recovered as indigo red when the urine is treated 
with iodine solution within 4 to 5 hours after ingestion. Although the 
intermediate metabolite has not been isolated, it is clearly not utilizable by 
the human. The practical implication of this finding to human nutritional 
studies would appear to be that nearly double quantities of the racemic 
tryptophane need to be administered to secure the equivalent effect of a 
calculated amount of the naturally occurring variety. 


SUMMARY 


It has been observed that the metabolism of the d component of dl- 
tryptophane differs ftom that of the / component inthe human. Although 
the aberrant intermediate metabolite has not been isolated, some of its 
properties have been reported. Its most characteristic reaction is the for- 
mation of indigo red on the addition of iodine. The study suggests that the 
biological value of dl-tryptophane is approximately one-half that of l-tryp- 
tophane. 
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Critical studies have been conducted in our laboratories on various 
methods for the determination of pyridoxine. Our experiences with the 
microbiological method have been presented elsewhere (14). The present 
paper is concerned with the chemical determination of pyridoxine based 
upon its coupling reaction with 2,6-dichloroquinonechloroimide. For a 
better understanding of the factors modifying the reaction and how these 
should be controlled, tests were first conducted with pure systems. The 
results of these studies are now presented. In the following paper (5) the 
application of the method to pharmaceutical preparations and biological 
materials is described. 

The phenolic nature of pyridoxine has been the basis for chemical de- 
termination through coupling reactions with 2,6-dichloroquinonechloro- 
imide (15, 11), diazotized sulfanilic acid (16, 1), the Folin-Denis reagent 
(16), and ferric chloride. However, even the chloroimide reagent, the 
most specific of these, reacts to form dyes with many other phenols, amines, 
and unrelated compounds (11). The reliability of each of the chemical 
methods for pyridoxine has been largely dependent upon the removal from 
the test extract of such interfering substances. 


Principle of Present Method 


The vitamin is coupled with 2 ,6-dichloroquinonechloroimide in a strongly 
buffered alcoholic solution to yield‘a blue pigment, which is estimated 


Perm Cl 
On 
0) “ ‘eee + CN =o ae 
HsCyy y Cl 
Pyridoxine 2 ,6-Dichloroquinone- 
chloroimide 
Psat 
Vi 
"4 | S| ‘g + HCI 


Cl 


Blue pigment 
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photometrically. The reaction between the vitamin and the reagent is 
believed to occur according to Equation 1 (4,12). Potential errors due to 
other compounds coupling with the reagent are eliminated by conducting 
the reaction concurrently in the presence of an excess of borate, which under 
proper conditions renders the pyridoxine non-reactive without affecting the 
reaction of other coupling compounds. The structural formula of the 
pyridoxine-borate complex is believed (12) to be 

CH.—O. _O— CH, 


. SB yy 
HocH.( — ‘o- 4\cu,0H 
| | 

i} 


i| 
AN cu: HC. y 
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Reagents— 

Chloroimide Reagent—100 mg. of recrystallized 2,6-dichloroquinone- 
chloroimide are dissolved in 250 cc. of isopropanol.! The solution is stored 
in a glass-stoppered bottle in the refrigerator, and portions are withdrawn 
as needed. The reagent should not be kept for more than 1 month, and 
should be discarded sooner if a pink discoloration develops. The solid 
reagent is first purified by dissolving 1 gm. in 50 cc. of acetone and pre- 
cipitating by the gradual addition of small amounts of water while stirring. 
The crystals are collected on a Buchner funnel, rapidly air-dried by suction, 
and then stored in a sealed bottle in the refrigerator. The recrystallized 
reagent is stable for more than 6 months under such conditions of storage. 

Ammonia-Ammonium Chloride Solution—160 gm. of ammonium chloride, 
c.P., are dissolved in 700 cc. of water and 160 cc. of concentrated ammonia 
water (approximately 27 per cent) added. The solution is diluted with 
water to 1 liter. 

Boric Acid Solution—5.0 gm. of powdered boric acid, c.P., are dissolved in 
100 cc. of distilled water. 

Pyridoxine Hydrochloride?—100 mg. of the crystalline vitamin are dis- 
solved in 1000 ce. of 0.1 N hydrochloric acid. This stock solution is stable 
for at least 3 months if stored in the refrigerator in an amber bottle. Work- 
ing standards are prepared daily by dilution of the stock solution. 

Color Development—A direct reading photoelectric colorimeter is most 
satisfactory for the measurements.* To a tube containing 1 cc. of pyri- 
doxine solution, 5 cc. of isopropanol, 2 cc. of ammonia-ammonium chloride 

' The crystalline compound may be prepared by the method described by Gibbs 
(4) or purchased from the Eastman Kodak Company, Chemical Sales Division, 
Rochester, New York, or from the Organie Products Company, New York. 

? Obtained from Merck and Company, Inc., Rahway, New Jersey. In the present 
study, the terms pyridoxine and pyridoxine hydrochloride are used interchangeably, 
and all values are expressed as the hydrochloride. 

*The Evelyn photoelectric colorimeter obtained from the Rubicon Company, 
Philadelphia, was employed in these studies. 
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solution, and 1 cc. of boric acid solution, 1 ce. of the vhloroimide reagent is 
added, and the instrument is set at 100 per cent transmission 60 seconds 
later. The color is developed in 60 seconds in a similar tube containing 
water in place of the boric acid solution. Readings are ‘taken with the 620 
mu filter. 

Though pyridoxine is destroyed by irradiation, especially in alkaline 
solution (6, 7), exposure to ordinary laboratory light for 3 hours produces 
nomeasureable destruction of the vitamin even in colorless solutions. Only 
in the case of the standard solution of pyridoxine, which may be used 
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Fic. 1. Rate of formation and fading of the dye formed in the reaction between 
pyridoxine and 2,6-dichloroquinonechloroimide. Curve a, 10 y of pyridoxine per 
tube; Curve b, 20 y of pyridoxine per tube. 


repeatedly for months, should special precautions be taken to avoid light 
destruction. 

Typical time reaction curves showing the rate of formation of the colored 
complex are presented in Fig. 1. The curves for 10 and 20 of pyridoxine 
were corrected for the small, progressive changes in the reagent blank 
before being plotted. The graph demonstrates that the dye forms rapidly 
during the Ist minute and is sufficiently stable at 60 seconds for precise 
measurement. When a veronal buffer (11) is used in the same water-iso- 
propanol system, 20 minutes are required for maximal color development. 
In the water-butanol system of Scudi (11) the coupling reaction is com- 
pleted only after 40 minutes. 


‘The solutions are added in the order mentioned to prevent the precipitation 
of salts. 
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In Fig. 2 are plotted data indicating the proportionality of the photo- 
metric density of the pigment to initial concentration of pyridoxine, exactly 
60 seconds after the addition of chloroimide reagent. It is apparent that 
the reaction obeys Beer’s law. When readings are taken at any time other 
than in the stage of maximal color development, deviations from the linear 
relationship between color and pyridoxine content may be found. 

Reproducibility and Specificity of Method—More than 200 measurements 
over a period of a year on pure solutions containing 10 and 20 y of pyri- 
doxine per tube, with different sets of buffer and reagent solutions, some 
freshly prepared, others 2 to 3 weeks old, have given values agreeing with 
those plotted in Fig. 2 to within +1.1 per cent average deviation. In all 
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Fig. 2. Proportionality of photometric density of pigment to initial concentra- 


tion of pyridoxine. 


cases, the same batch of recrystallized 2 ,6-dichloroquinonechloroimide was 
employed for making the reagent. 

Experimental evidence has been obtained proving the specificity of the 
method for pyridoxine. The vitamin reacts to form a dye with 2 ,6-dichloro- 
quinonechloroimide but fails to do so in the presence of boric acid. Other 
compounds which couple with the reagent react to the same degree in the 
presence or absence of the boric acid. The photometric densities of the 
dyes due to pyridoxine and to interfering compounds are additive. These 
points are clearly illustrated in Table I. 

Only the diacetyl derivative of pyridoxine, 2-methyl-3-hydroxy-4, 5-bis- 
(acetoxymethyl)pyridine showed an appreciable difference in reaction in 
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the presence and absence of boric acid. The compound is reputed to be 
biologically equivalent to pyridoxine on a molar basis, owing to the ease of 
removal of the acetyl groups from the molecule (17). The sample was 
assayed microbiologically (14) in our laboratory and found to possess 30 per 


TaBie I 


Validity of Borate Blank in Determination of Pyridoxine in Presence of Other 
Compounds Reacting with 2,6-Dichloroquinonechloroimide Reagent 





Photometric densityt at 620 my 











| Amount® (o) + | Co) +,10 | Tagrement| "tion of 
Congeune per tube Test Qt wy of a ad _ ‘4 [ia 
acid ine —e and a % acid 
ric acid (c) — (a) 
(a) (d) (ce) (d) (e) 
| Y per cent 
Aniline 110,000 | 0.208) 0.208) 0.645) 0.206 | 0.437 100 
Phenol 500 | 0.220) 0.220) 0.658) 0.226 | 0.438 99 
8-Naphthol 50 0.241} 0.241) 0.680) 0.240 | 0.439 100 
Naphthylamine hydro- 50 | 0.145) 0.146} 0.586) 0.146 | 0.441 100 
chloride 
Catechol 25 | 0.289) 0.290) 0.737; 0.281 | 0.448 100 
Resorcinol 25 | 0.103) 0.103) 0.549) 0.112 | 0.446 98 
3-Hydroxypyridine 4.6} 0.006} 0.006; 0.450) 0.018 | 0.444 97 
2,4-Dimethyl-3-hydroxy-5- | 8.4] 0.352] 0.334] 0.775) 0.344 | 0.423 98 
hydroxymethylpyridine 


hydrochloride 
2-Methyl-3-hydroxy-4,5- | 12.3} 0.420) 0.299) 0.868/ 0.310 | 0.448 98 
bis(acetoxymethyl) pyri- 
dine 
2-Methyl-3-amino-4-ethoxy-| 13.9] 0.000] 0.001] 0.449] 0.014 | 0.449 97 
methyl-5-aminomethyl- | 
pyridine dihydrochloride | 
monohydrate 
2-Methyl-3-hydroxy-4- 8.9} 0.440) 0.432) 0.875) 0.445 | 0.435 97 
methoxymethyl-5-hy- 
droxymethylpyridine 























* The weights of the pyridoxine analogues taken are equivalent on a molar basis to 
10 y of pyridoxine. These compounds were kindly supplied by Dr. K. Folkers of 
Merck and Company, Inc., Rahway, New Jersey. 

t The colorimeter was set at 100 per cent transmission with the reagent blank. 





cent of the potency of pyridoxine on a molar basis, a value in very close 
agreement with that derived from the chemical test. This may have been 
due to the presence of free pyridoxine in the sample. The acid-hydrolyzed 
material gave much higher values, equivalent to 75 to 85 per cent of pyri- 
doxine when subjected to both microbiological and chemical assay. The 
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other analogues of pyridoxine had no appreciable stimulatory action on the 
yeast, Saccharomyces cerevisiae, before or after acid hydrolysis (5). They 
likewise failed to show any significant differences in reaction with the 
reagent in the two buffers. Biological assays on the rat have shown these 
compounds to possess practically no vitamin Bg activity (17 

Béeseken (3) reported that boric acid forms complexes with | ,2-dihy- 
droxy compounds. Scudi (11) found this to be true also in the case of 
pyridoxine. In natural extracts other compounds may compete for the 
boric acid. However, under the conditions of our test, there is always an 
excess of borate present for complete inactivation of the pyridoxine (5), 
Thus, in routine assays of a large variety of biological materials, it has been 
found in every case that added pyridoxine was rendered more than 97 per 
cent non-reactive in the presence of borate. 

As a result of the tests recorded in Table I, it has been considered expe- 
dient in testing biological materials to set the instrument at 100 per cent 
transmission with a reaction tube containing the test extract and borie 
acid, 60 seconds after the addition of the reagent. The pigment formed in 
testing the same extract in the absence of borate is then determined photo- 
metrically. By this procedure only the additional light absorption due to 
the dye formed by the pyridoxine is measured. 

Increment Procedure for Evaluating Photometric Density of Dye Formed 
by Pyridoxine—In the presence of relatively high concentrations of some 
interfering coupling compounds, the reaction between pyridoxine and 2,6- 
dichloroquinonechloroimide may be partially or completely inhibited within 
the period of measurement. 

Illustrative data with two such interfering compounds are presented in 
Table II. In the presence of sufficient resorcinol or naphthylamine hydro- 
chloride, the photometric density due to a given amount of pyridoxine is 
much less than when the reaction is carried out in pure solution. Thus, 
evaluation of the photometric density due to pyridoxine, by interpolation 
on a reference curve derived from pure solutions of the vitamin after cor- 
rection for the borate blank, would vield erroneously low values. However, 
the photometric density per unit of pyridoxine (K value) in a given solution 
isaconstant. The interferences noted are undoubtedly due to the removal 
of much of the 2 ,6-dichloroquinonechloroimide by the high concentrations 
of the resorcinol or naphthylamine. Despite this, the additional concen- 
tration of pyridoxine is insufficient to affect significantly the residual 
chloroimide, so that the K value for pyridoxine remains constant in each 
ease. Consequently, the addition of the standard in the form of an incre- 
ment to an aliquot of the test solution containing the inhibitory substance 
offers a means for automatically correcting for the interferences noted. 

It is recognized that such a procedure constitutes a difference method 
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the involving a sacrifice of precision. This, however, is not serious in view of 
hey the excellent reproducibility of the color development. The constancy of 
the the K value has been repeatedly confirmed in tests of biological materials 
ese 

Taste II 


Interference of Relatively High Concentrations of Other Coupling Compounds with 











tr 
a Reaction of Pyridoxine and 2,6-Dichloroquinonechloroimide; Correction of 
he Such Interference by Increment Procedure 
F Photometric density* 
“ Coupling compound mv — > ot peeks 
. Test solution | amet | increment 
en ee ee ee E | eee oS 
er Y | Y 
None | el Guees ¢ | 0 
. | | 10 =| 0.445 | 0.006 0.445 
20 | 0.885 | 0.014 | 0.443 
nt Resorcinol 25 0 0.1038 | O.10 | 
ie | 10 | 0.549 | 0.112 | 0.446 
in | | 20 | 0.983 | 0.117 | 0.440 
Ki] 100} 0 | 0.396 | 0.39 | 
- 10 | 0.798 | 0.399 | 0.402 
' | 20 1.199 | 0.411 | 0,402 
400 | 0 0.401 | 0.402 
d | 10 0.602 0.404 0.201 
e 20 0.817 | 0.407 0.208 
a | 50 1.419 | 0.412 0.203 
; 1000 | 0 0.658 | 0.658 
10 0.740 | 0.660 | 0.082 
20 | 0.816 | 0.661 | 0.079 
50 1.061 | 0.650 | 0.081 
. Naphthylamine 50 0 0.145 0.146 | 
hydrochloride 10 0.586 | 0.144 | 0.441 
20 1.026 | 0.149 | 0.440 
500 0 0.611 | 0.620 | 
| 10 0.778 | 0.600 0.167 
20 0.954 | 0.614 0.172 
50 1.433 | 0.623 0.164 
5000 0 0.673 0.657 | 
10 0.665 0.669 | 0.000 
20 0.680 0.660 | 0.004 





* The colorimeter was set at 100 per cent transmission with the reagent blank. 
Readings were taken 60 seconds after the addition of the reagent to the solutions. 

+ The K value is the increase in photometric density per 10 y of pyridoxine per 
tube. 


(5). The advantages of the increment or internal standard procedure in 
assaying a wide variety of materials have also been recognized in the 
determinstion of riboflavin (8), niacin (9), and vitamin A (10). 
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DISCUSSION 


As a result of the present studies, a procedure has been evolved for the 
determination of pyridoxine in test materials. This involves coupling of 
the vitamin with the 2,6-dichloroquinonechloroimide reagent in a single 
phase system, correction for the presence of other compounds yielding a 
blue color by the use of borate which renders the pyridoxine non-reactive, 
and evaluation of the resultant color by comparison with the increment in 
photometric density produced when a known quantity of the added vitamin 
is allowed to react in the same test extract. 

There are other features of this procedure which make it superior to 
published methods based on the same coupling reaction. The rate of the 
reaction is dependent upon the nature of the solvent, its water content, its 
salinity, and the kind and concentration of the bases present (4,11). The 
sarlier procedures (11, 2) involve color development in a weakly buffered, 
generally 2-phase water-butanol system, without control of the salinity of 
the extract tested. The color developments are time-consuming, non- 
linear, and non-reproducible in replicate determinations. These procedures, 
therefore, require a series of standards with each determination. 

The method described in this report involves a simple quantitative cou- 
pling reactionina1-phase system. Theuse of a strong ammonia-ammonium 
chloride buffer of high basicity and salinity eliminates completely the inter- 
ferences reported (4, 11) in similar reactions, due to the different kinds and 
variable amounts of bases and salts in the test extracts and the degrees to 
which they are buffered. The reaction between the vitamin and reagent is 
now very rapid and more than 3 times as sensitive as before (11). 

Probably the most serious objection to the procedures previously re- 
ported (11, 2), including those with other phenol reagents (1, 16), is the 
absence of a quantitative blank to correct for the presence of interfering 
phenols, amines, and other compounds which couple with chloroimide. Scudi 
has reported (11) unsuccessful attempts to apply a quantitative borate 
blank for this purpose. The value of his blank was restricted to the quali- 
tative recognition of interfering compounds. When present in test ma- 
terials, these had to be removed. In most cases (13) this was not possible, 
requiring the quantitative use of a qualitative blank, as a first approxima- 
tion, rather than none at all. All these earlier methods depend for specific- 
ity entirely upon the preparation of extracts of biological materials free 
from interfering, coupling compounds. Our experiences with these pro- 
cedures indicate that this is never attained with complete recovery of added 
pyridoxine in the assay of natural products. A compensating error may 
operate to some extent in these methods, since no provisions are made to 
correct for the possible presence of compounds which inhibit the reaction 
between pyridoxine and reagent. 
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SUMMARY 


By studies conducted with pure systems the basis is established for a 
chemical method for the determination of pyridoxine. The vitamin 
couples with 2,6-dichloroquinonechloroimide in a 1-phase system. The 
use of a strong ammonia-ammonium chloride buffer of high basicity and 
salinity eliminates completely the interference due to the different kinds 
and amounts of bases and salts in the test solutions and the degrees to 
which the latter are buffered. The color reaction between the vitamin and 
reagent reaches maximal intensity in 60 seconds and is more than 3 times as 
sensitive as previously attained. By the incorporation of a borate blank, 
the reaction is made specific for pyridoxine. The influences of compounds 
which affect the rate or extent of formation of the pigment and possibly its 
stability have been eliminated by the increment or internal standard pro- 
cedure. This involves evaluation of the color due to the pyridoxine in a 
test solution by means of the increment in photometric density resulting 
from the reaction of an added, known quantity of the vitamin. 
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Comparative assays on the same samples by biological (5, 6) and micro- 
biological (1, 4, 10, 13) procedures for the determination of vitamin Bs fail 
to show good agreement (4,16) because of the variable vitamin Bs activity 
of compounds. other than pyridoxine for the test organisms employed. The 
use of Streptococcus lactis for the assay of the vitamin in natural products 
may give values several hundred times as great as those obtained by other 
methods, owing to the activity for this organism of a metabolite of pyri- 
doxine, pseudopyridoxine (16). This compound is similar to the vitamin in 
its behavior towards adsorbents, eluting agents, and acids and bases, but 
the vitamin is almost inactive as a growth factor for S. lactis (14). Micro- 
biological assays based on the growth of Lactobacillus casei (10) are com- 
plicated by the response of the organism to oxidative degradation products 
of pyridoxine (4), and hence assays of food products also give erroneously 
high results, many times greater than those obtained by the rat growth 
method (5). Alanine stimulates the growth of both S. lactis and L. casei 
(15). Both the yeast (1, 13, 19) and rat growth (5, 6) methods are un- 
affected by pseudopyridoxine (4). Values obtained by yeast growth are 
generally lower than those yielded by rat assays, though the results are of 
the same order of magnitude (4, 16). 

The published chemical assay methods (2, 3, 7, 11,°17, 18) claim to 
measure only pyridoxine. However, the validity of the results obtained by 
these procedures has depended upon the quantitative separation of pyridox- 
ine from the great variety of phenols, amines, and other reacting com- 
pounds present in biological materials which couple with the reagent. 
Experience with these procedures indicates that complete separation is 
never attained. 

In the preceding paper (7), a rapid, precise, linear, and specific color re- 
action was described which eliminates the necessity of preparing an extract 
free from interfering coupling compounds. The present report describes 
the application of the method to the determination of pyridoxine in biologi- 
cal materials and pharmaceutical products. Evidence is also presented 
showing that compounds other than pyridoxine are found in natural ma- 
terials possessing the biological activity of vitamin Be. 
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Principle of Method for Biological Materials 


Bound pyridoxine (12,13) is hydrolyzed by heating with strong hydro- 
chlorice acid. The free vitamin is adsorbed from solution at pH 3, and 
eluted with sodium hydroxide. The eluate is clarified by precipitation 
with isopropanol. Three aliquots of the supernatant are then tested with 
2 ,6-dichloroquinonechloroimide reagent, one alone, another in the presence 
of added pyridoxine (internal standard), and the third in the presence of 
boric acid which renders the vitamin non-reactive without affecting the 
ability of other reacting compounds to couple with the reagent. 

Reagents— 

Chloroimide reagent (7). 

Ammonia-ammonium chloride solution (7). 

Boric acid solution (7). 

Pyridoxine hydrochloride solution (7). 

Hydrolytic agent, 4 N hydrochloric acig solution. 

Buffer solution at pH 3. 73 gm. of disodium phosphate dihydrate plus 
167 gm. of citric acid are dissolved in water and diluted to 1000 cc. 

Adsorbent, Lloyd’s reagent (obtained from Eli Lilly and Company, 
Indianapolis, Indiana). 

Acidulated water, 0.001 nN hydrochloric acid. 

Eluting solution, 2.0 n sodium hydroxide. 

Solutions for pH adjustments, 18 n and 1 nN sodium hydroxide and 12 n 
and 1 n hydrochloric acid solutions. 


Procedure 


Throughout the determination, unnecessary exposure of the test solution 
to light must be avoided (8,9). However, quantitative results may be 
obtained if manipulations are conducted uninterruptedly in the diffuse 
light of the laboratory. 

Preparation of Test Extract—The sample, containing from 30 to 200 ¥ of 
pyridoxine and preferably 100 +, is weighed into a test-tube calibrated at 
the 20 cc.mark. 10 cc. of 4N hydrochloric acid are added. A glass stirring 
rod with a loop at one end is inserted to facilitate mixing and pH adjust- 
ments in the narrow tube. The latter is immersed in a boiling water bath 
for 1 hour with occasional stirring. This procedure constitutes an effective 
means for both the hydrolysis of bound pyridoxine in biological materials 
and for the extraction of the vitamin. The solution is cooled and neutral- 
ized to pH 3 with an outside indicator, the final adjustments being made 
with the 1 n sodium hydroxide and hydrochloric acid solutions. 3 cc. of the 
buffer solution at pH 3 are added followed by 2.5 gm. of Lloyd’s reagent. 


The tube is stoppered and shaken occasionally for a period of 5 minutes. 
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The suspension is centrifuged and the supernatant discarded. The residue 
js dislodged, and washed once with 15 cc. of acidulated water. The finely 
divided adsorbent and residuum are centrifuged and the washing discarded. 
5 ec. of 2.0 N sodium hydroxide solution are added, the volume made up to 
the 20 cc. mark with water, and the adsorbate dispersed and kept in sus- 
pension by frequent inversions for a period of about 3 minutes. The 
sample is centrifuged. A 10 cc. aliquot of the eluate is mixed with 50 cc. of 
isopropanol in a centrifuge tube and the solution centrifuged. The clear 
supernatant is decanted and the pH adjusted with an outside indicator to 
5 to 7 with a minimal volume (few drops) of 12 n hydrochloric acid. 

Color Development—The following tubes are set up, the solutions being 
added to each in the order mentioned to prevent the precipitation of salts: 
Tube 1, 6 cc. of test extract plus 2 lee. of ammonia-ammonium chloride 
solution plus | cc. of boric acid solution; Tube 2, 6 ec. of test extract plus 
2 cc. of ammonia-ammonium chloride solution plus 1 ce. of water; Tube 
3, 6 cc. of test extract plus 2 cc. of ammonia-ammonium chloride solution 
plus 1 ec. of working pyridoxine standard (10 y). For each series, the 
photoelectric colorimeter' with a 620 my filter is first set at 100 per cent 
transmission with Tube 1, the blank, 60 seconds after the addition of 1 ec. 
of the chloroimide reagent. To each of the remaining tubes, the same quan- 
tity of the chloroimide reagent is added and the blue color measured exactly 
60 seconds later (7). The use of Tube 1 as a blank eliminates simultane- 
ously the necessity for correcting for absorption due to the color of the test 
extract, that of the reagents, and that due to the coupling of compounds 
other than pyridoxine which yield colored derivatives (7). 


Calculations— 
Ls 10 | 60 cc. . 18.5 ce. 


—— X x = micrograms pyridoxine per gm. 
I;-I,n 6ce. 10 ce. W gm. . na on oe 





In the equation, LZ, represents the photometric density (2 — log G, where 
G is the per cent transmission) due to the pyridoxine in Tube 2 containing 
6 ce. of final test extract. L;—Z, is the increment in photometric density 
due to the added 10 y of pyridoxine. W represents the weight of test sample 
expressed in gm., and 60/10 X 18.5 is the dilution factor. Correction has 
been made in the calculation for the volume of 1.5 ec. occupied by 2.5 gm. 
of Lloyd’s reagent in a total volume of 20 cc. 

In the analysis of pharmaceutical products, the optimal size of sample is 
one containing approximately 100 7 of pyridoxine. In the case of natural 
materials, aliquots containing up to 3 gm. of total solids may be treated in 
the manner described above. For a substance of low potency, a larger ali- 


‘A direct reading photoelectric colorimeter is preferred to a null point type of 
instrument. 
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quot may be taken provided a proportionately larger volume of the 4 y 
hydrochloric acid is used for the hydrolysis. The adsorbate is subsequently 
transferred, with the aid of the dilute hydrochloric acid wash, to the tube, 
graduated at 20 cc., and the procedure continued as outlined. A further 
increase in the sensitivity of the method may be effected by concentrat- 


TaBLeE I 


Reliability of Chemical Procedure for Determination of Pyridoxine; Recovery 
Experiments and Comparisons with Other Assay Procedures 





Recovery of added | Values by other 





Pyri- pyridoxine* procedures 
Sample doxine | - a 
dur rie ~~ " ~ | Ri 
| found | Pyri- | otal | Recoy-| Micro- | Biolog- 


doxine | biolog- | icalf 
added | found | “*¥ |ical 13)| (6) 
| 








ner | ger | 7967 | percent] 20" | Be 
Rice bran concentrate... 97 | 60 | 158 | 102 | 100 | 10 
Liver extract powder...... 14 40 53 | 98 25 | 3 
Yeast a PA Ned ada Plt We 8 50 56 | 97 90 | 8 
Wheat bran...... filed cthic! oe 20 34 | 95 | 16 | 
Blackstrap molasses........ “ 20 | 26 | 

y per | yper | vy per | 

sample | sample | sample 
24 hr. basal urine (H. H.)....... 85 | 100 | 172 | 8s7t! 
962%... “« (E.M.)... oe | | 
24 “ urine after 5 mg. oral dose (H. H.)...| 157 | 
ee nt ie FF 98 

y per | yber | | 

until unit | 
Multivitamin and mineral tablet teens 86 | 85 101 80 
Vitamin B complex gelatin capsule..... 490 | 500 98 
Multivitamin gelatin capsule... vik OR 85 104 
Vitamin B complex syrup, per 5cc........| 356 | 350 102 | 344 


* The amounts of pyridoxine added for the recovery tests varied from 50 to 150 per 
cent of the expected values based upon biological (6) and microbiological (13) 


analyses of the same samples. 
t According to the assay method of Dimick and Schreffler (6) in which both rat 


growth and the cure of rat dermatitis are taken into account. 
t The low recovery value is attributed to the low precision of the chemical assay 
as applied to urine, owing to the high concentrations of other coupling compounds in 


the final test extracts. 


ing the alkaline eluate on a hot-plate to a small volume and adding a propor- 
tionately smaller volume of the isopropanol. 

Typical assays for pyridoxine conducted.on some biological materials and 
pharmaceutical preparations are presented in Table I. Although quanti- 
tative recoveries are routinely obtained, there may be found large dis- 
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crepancies between the chemical data (viz. values for yeast and liver extract 
powders) and those derived from microbiological and biological assay. 
These differences have been noted repeatedly on replicate assays on the 
same and similar materials. The significance of these differences will be 
discussed more fully in a later section of this report. 


Taste II 


Importance of Increment Procedure and Borate Blank in Determination of Pynaine 


Photometric density* | Satine, 

hist matted tin 4 = nat gam | tion of 

Test extract per tube meeeiy | | Testt | OY 
| Test minus | per 107 of | by borate 




















blank* | wnanall pyridoxine | 
| | | ‘per cont 
Pure solution, 10 y pyridoxine......... | 0.002 | 0.447 | 0.445 | 0.445 | 100 
Test solution from wheat bran..........| 0.448 | 0,601 | 0.153 
Same + 5 y pyridoxine..... ..| 0.448 0.763 | 0.315 | 0.324 100 
“« +10 “ wees ...+++| 0.452 | 0.934 | 0.482 | 0.333 99 
“ +15 “ © a MBseas 0.444 | 1.091 | 0.647 | 0.327 100 
ie a ...| 0.457 | 1.245 | 0.788} 0.322 | 99 
Test solution from rice bran... ; 0.343 | 0.563 | 0.220 
Same + 10 y pyridoxine...... .....| 0.350 | 1.003 | 0. 653 | 0.440 | 98 
Test solution from liver powder....... 0.335 | 0.439 0.104 
Same +10 vy pyridoxine..... ..+sse+| 0.345 | 0.779 | 0.434 | 0.340 97 
Test solution from yeast powder.... 0.292 | 0.402 0.110 
Same +10 y pyridoxine..... ..| 0.290 | 0.829 | 0.539 0.427 100 
Test solution from basal urine (H. H. )...} 0.393 | 0.508 | 0.115 
Same +10 y pyridoxine...... uaPanetalia ti | 0.402 | 0.891 0.489 | 0.373 98 
Test solution from multivitamin capsule | 0.040 | 0.420 | | 0.380 | 
Same +10 y py ridoxine..... ; | 0. 042 | 0. 860 | 0. 818 | 0.440 100 





° In order to evaluate the borate blank the colorimeter was ves ext t for these readings 
at 100 per cent transmission with a tube containing 5 cc. of isopropanol, 2 cc. of water, 
and 2 cc. of ammonia-ammonium chloride solution 60 seconds after the addition of 1 
ec. of chloroimide reagent. 

t In all cases, the blank tubes contained 1 cc. of boric acid solution. The pyri- 
doxine was added as 0.1 cc. of stock solutions of the vitamin, so that volume changes 


are negligible. 


The deductions drawn in the previous paper from studies with pure sys- 
tems (7) are further supported by related experiments conducted with the 
extracts derived from these materials. The tests deal with the importance 
of the increment (internal standard) procedure and the borate blank. The 
findings are presented in Table II. 

It will be noticed that in the analysis of natural products high blanks are 
observed owing to the presence of other coupling compounds. For this 
reason, in the analysis of products low in pyridoxine, precise assays are 
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difficult to obtain. The excellent recoveries found in analyses of the liver 
amd yeast extract powders (see Table 1) may be attributed in part to the 
relatively large amounts of pyridoxine added for the recovery tests. These 
amounts were not excessive, since they varied from 50 to 150 per cent of the 
expected figures according to microbiological (13) and biological (6) assays 
on the same samples. Only in the analysis of pharmaceutical products, 
which contain high concentrations of pyridoxine in the presence of moderate 
amounts of interfering substances, are precise assays possible by the method 
described. 

The necessity of and justification for using the increment procedure, 
rather than reliance on simple reference to the reaction of a standard in pure 
solution for the estimation of the pyridoxine content in the test extract, is 
demonstrated by the illustrative data for the wheat bran extract. Though 
the increment in photometric density per unit of pyridoxine is low compared 
with that for pure solutions, it is constant with varying concentrations of 


the vitamin. 


Biologically Active Vitamin Bg, Compounds Other Than Pyridoxine in 
Natural Products 


Scudi (12) has reported the presence of bound pyridoxine in a rice bran 
concentrate. Siegel, Melnick, and Oser (13) found that the vitamin occurs 
in nature principally in the bound form, and reported the concentrations of 
free and total vitamin Bg in a variety of biological materials as determined 
by their modification of the microbiological method. 

In the present report, three natural sources of the vitamin B complex 
were subjected to various extraction and hydrolytic procedures in the de- 
termination of total pyridoxine content. The results are presented in 
Table III. 

For the chemical hydrolytic procedures, the samples were suspended in 
hydrochloric acid solutions of various normalities or in sodium hydroxide 
solution, and the test-tubes immersed in a boiling water bath for 1 hour. 
Total pyridoxine was then determined. 4 .N hydrochloric acid at 100° for 
| hour appears to be as effective a hydrolytic agent as the previously re- 
ported procedure (13) of autoclaving in 2 N sulfuric acid at 15 pounds pres- 
sure for a period of 30 minutes. Whereas 90 per cent of the pyridoxine was 
in the bound form in the rice bran concentrate according to the chemical 
method, all of the vitamin in the dried liver powder and the dried yeast 
appeared to be present in the free form. Only in the assay of the rice bran 
concentrate were the results by the chemical method in agreement with 
those obtained by the biological and microbiological procedures. In every 
ease, chemical assays of pure solutions of pyridoxine subjected to the 
hydrolytic procedures listed in Table III gave complete recoveries. 
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It is conceivable that one or more of three factors might have been re- 
sponsible for the low results obtained chemically: (a) mechanical losses of 
the liberated pyridoxine in the course of preparing the test extract for color 
reaction, (b) incomplete extraction and hydrolysis of the bound pyridoxine, 
and (c) greater specificity of the chemical method for pyridoxine to the 
exclusion of other “‘biologically active forms’’ of the vitamin. 


TaBie III 


Liberation of Pyridoxine and Other Biologically Active Vitamin Bg Compounds in 
Assay of Natural Concentrates 














Pyridoxine 
nn Extraction and hydrolysis | Rice Siuee |: ened 
p ee extract | extract 
trate powder | powder 
vy per | vyper | yper 
| gm. gm. gm. 
Chemical* | Water; 1 hr. at 100° 9 14 9 
| 1 wn HCl 1 hr. at 100° 57 13 Y 
2 se “ce 1 ai ce “e 93 | 13 8 
| A idan Oh ited Rb | 92] 14 9 
Lee. 6 4 8.4 | 97 | 14 8 
| 5 cc ce 1 “e ce ce 98 13 9 
4 “ NaOH; 1 hr. at 100° | 22 14 | 6 
Clarase digestion (1); 48 hrs. at 45° | 47 13 | ll 
Taka-diastase + papain digestion (2); 2 hrs. at 40° | | 10 
Microbio- | Water; 0.5 hr. at 15 lbs. pressure (121°) 10 | 11 | 34 
logicalt | 2 n H.SO,; 0.5 hr. at 15 Ibs. pressure (121°) 100 25 | 90 
(13) 
Biologicalt | None 100 | 30 | 85 
(6) | 


* 1 gm. quantities of the rice bran concentrate and 2 and 3 gm. samples of the liver 
and yeast extract powders, respectively, were suspended in 10 cc. of the aqueous, 
acid, and alkaline solutions for the hydrolysis. In the case of the enzymic digestions, 
the procedures followed were those indicated by the reference citations. 

t According to the yeast growth method (13). 

t According to the bioassay method of Dimick and Schreffler (6) in which both 
growth response and cure of the rat dermatitis are taken into consideration. 


That mechanical losses of pyridoxine do not occur in the preparation of 
the test extracts is shown by the excellent recovery values obtained when 
the vitamin is added to the original test materials prior to hydrolysis (see 
Table I). 

The lack of a gradient in the values obtained for the liver and yeast ex- 
tract powders with increasing strength of the acid hydrolytic agents is pre- 
sumptive evidence that no compound similar to that found in the rice bran 
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concentrate was available in these products for hydrolysis to free pyri- 
doxine. In order to check this possibility further, the samples were sub- 
jected to assay with alkaline hydrolysis of comparable normality, and enzy- 
mie digestion according to procedures which have been reported to be effec- 
tive for the liberation of bound pyridoxine (1,2). No increase in the values 
for pyridoxine was obtained. In fact, the value for the rice bran concen- 
trate was significantly less than that yielded by strong acid hydrolysis. 
This low figure after clarase digestion was confirmed by replicate chemical 
and by microbiological assays. Thus the conclusion appears to be justified 
that in the liver and yeast extract powders? microbiologically stimulatory 
substances are present, and that these have an activity comparable to that 
of pyridoxine in promoting rat growth and in curing the dermatitis. How- 
ever, these are not pyridoxine. That other compounds are present in the test 
extracts capable of reacting with the reagent is evident from the high 
borate blanks obtained by the chemical method. Whether or not some of 
these possess biological activity remains to be answered. 


Abridged Chemical Procedure for Use with Pharmaceutical Products 


Ascorbic acid, if present in the final test extract, interferes with the reac- 
tion of pyridoxine with 2 ,6-dichloroquinonechloroimide. Though the two 
vitamins may be separated by the use of adsorbents, this procedure is too 
cumbersome for use with the relatively pure systems found in pharmaceuti- 
eal products containing crystalline pyridoxine. For the analysis of such 
preparations it has been found expedient to oxidize the ascorbic acid present 
by shaking the alkaline extract with manganese dioxide. The efficacy of 
this step is illustrated by the results of experiments conducted with pure 
solutions of pyridoxine and ascorbic acid, which are presented in Table IV. 

In the following short modification of the chemical method, hydrolytic 
procedures are dispensed with, and ascorbic acid is destroyed by treatment 
with manganese dioxide in alkaline solution. The procedure is intended 
for use with pharmaceutical preparations and is precise to +2 per cent. A 
representative sample containing between 80 and 200 y of pyridoxine is 
suspended in 15 cc. of 0.5 N sodium hydroxide in a tube calibrated at 20 ce. 
The suspension is immersed in a boiling water bath for 15 minutes with 
occasional agitation. The sample is cooled, 200 mg. of manganese dioxide 
are added, and the volume adjusted to 20 cc. with water. The tube is 
shaken for 5 minutes. A 5cc. aliquot of the suspension is added to 25 cc. of 
isopropanol, and the mixture is centrifuged. 6 cc. aliquots of the superna- 

2 In testing a number of different types of yeast products in our laboratories by the 
three assay procedures, we found that the values for pyridoxine by the chemical 


method are consistently only a small fraction of the microbiological values, while 
the latter tend to approach but never exceed the figures estimated from the rat assays. 
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Taste IV 
Effect of Ascorbic Acid upon Color Reaction of Pyridoxine with 2,6-Dichloroquinone- 
chloroimide before and after Treatment with Manganese Dioxide 


Final test solution | 
Photometric density 








Previous treatment Pyridoxine Ascorbic acid 
¥ per tube mg. per tube 
None 0 0 0 
10 0 0.445 
“ 10 0.25 0.442 
10 0.50 0.444 
10 1.00 0.446 
10 2.00 0.000 
10 3.00 0.000 
Manganese dioxide* 0 0 0.000 
| 0 -| 0 0.445 
10 5.00 0.447 
10 | 10.00 0.443 





* Before dilution with isopropanol, the aqueous solutions of the vitamins were 
adjusted to 0.33 n with respect to sodium hydroxide and shaken 5 minutes with 200 
mg. of added manganese dioxide. 


TABLE V 


Determination of Pyridoxine in Pharmaceutical Preparations by Abridged Chemical 
. d P L 


, Procedure 
Ciatass Pyridoxine 
Preparation = te ———— 
onan Found | pio 

me. Y Y 
Vitamin B complex tablet, per tablet. 0 530 500 
- - . : n ye 0 | 48 | 250 
mr ‘  eapsule “ capsule... 0 256 | 250 
x +: “ " “ ae 0 510 500 
Multivitamin tablet, per tablet.. 5 ' 200 55 50 
” * = pe ; 10 362 333 
capsule, ‘‘ capsule. 200 57 50 
f ' etter yt 30 206 200 
Vitamin mineral tablet, per tablet.. 10 78 83 
ne capsule, “‘ capsule.... 30 303 250 


tant are then tested alone, in the presence of 10 7 of added pyridoxine, and 
in the presence of borate, as described in a preceding section of this paper. 

The reliability of this procedure is indicated by typical analyses of the 
pharmaceutical products shown in Table V. 











128 DETERMINATION OF PYRIDOXINE 


SUMMARY 


A specific chemical procedure is described for the determination of pyri- 
doxine in biological products and pharmaceutical preparations. Various 
chemical and enzymic hydrolytic procedures for the liberation and extrac- 
tion of the vitamin from natural products were examined. Chemical, 
microbiological, and biological data are presented indicating that pyri- 
doxine is not the only compound in nature possessing vitamin Bg activity 
for the rat and for microorganisms. An abbreviated, reliable procedure is 
given for the chemical determination of pyridoxine in pharmaceutical pro- 
ducts. 
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Much less has been reported on the stability of pyridoxine' than on the 
other vitamins that have been isolated in crystalline form. Such informa- 
tion is essential in studies of pyridoxine metabolism, in assays for the vita- 
min, and in the preparation and preservation of pharmaceuticel products. 

In the present paper are presented data on the effect of light, heat, acids, 
alkali, and oxidizing agents on pyridoxine. The stability of the vitamin in 
mixed vitamin preparations subjected to storage at an elevated tempera- 
ture has also been investigated. 


EXPERIMENTAL 
Destruction of Pyridoxine by Light 


In the course of our investigations on the determination of pyridoxine, 
a marked instability of the vitamin to light was noted (7). This phe- 
nomenon, observed possibly by others (4, 8) in biological assays,? has 
been investigated quantitatively in the present study by the chemical 
method (5, 6), and by physical and microbiological methods (9) of assay. 

The chemical (5, 6) and microbiological (9) methods are those described 
in previous papers from this laboratory. The physical method was de- 
pendent upon comparative ultraviolet absorption curves for the test solu- 
tions. A preliminary report of these findings has appeared (7). 

In these experiments, absorption curves were obtained* at pH 6.80 for 
freshly prepared and irradiated solutions. Extinction coefficients at the 
absorption maximum, 324 my, were used to estimate the concentrations of 
pyridoxine, and the extinction ratios (assuming E12, 324 mu = 1.00) em- 
ployed to define the shapes of the absorption curves. The plotted curves 
(Figs. 1 and 2) extend from 295 to 345 my, and each represents measure- 
ments taken at fifteen or more wave-lengths. In all cases the irradiated 


‘In the present report, the terms pyridoxine and pyridoxine hydrochloride are 
used interchangeably, and all values are expressed as the hydrochloride. 

? The loss of vitamin Bs activity for the rat on irradiation of natural concentrates 
has been reported by others (4,8). Whether or not this was due to destruction of 
pyridoxine per se is questionable, particularly in view of the statement made (4) 
that “‘the fall in vitamin Be activity also occurs in the specimens irradiated at 
strongly acid or alkaline reactions.’”’ Pyridoxine in acid solution is stable to light 
(see the text). 

*A Beckman spectrophotometer (2) was used for these measurements. 
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solutions initially contained 25 y of pyridoxine hydrochloride per cc. In 
the experiments with artificial light, the solutions were exposed in an open 
beaker 8 inches below a 300 watt tungsten lamp mounted in a white reflec- 
tor. Water lost by evaporation was replaced every 2hours. The tempera- 
ture of the solutions rose to only 35-40°. Control solutions of varying pH 
kept in the dark even at 90° for 24 hours showed no pyridoxine losses. In 
the experiments with natural light, the solutions were placed in stoppered 
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| A= 350 
1a Ny ———-— D= 255 
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Extinction ratio; Ea/e 324 m 
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tl l N | 
300 310 320 330 340 mu 
Wave length 
Fig. 1. Extinction ratios of aqueous solutions of pyridoxine at pH 6.8 initially 
eontaining 25 y per cc. and irradiated with a 300 watt tungsten lamp for varying 
periods of time. Curve A represents the freshly prepared solution; Curves D, F,G, 
H, and I, the solutions irradiated 4, 14, 20, 28, and 52 hours respectively. 


Erlenmeyer flasks and subjected to bright, diffuse daylight. The tempera- 
ture range of these solutions was 15-20°. 

The results of the irradiation experiments are presented in Figs. 1 and 2 
and Table I. Rapid destruction of the vitamin by light in neutral and 
alkaline solutions is apparent from the values obtained by all three methods 
of measurement. On the other hand, little loss is observed in 0.1 N hydro- 
chloric acid (pH 1.0). Similar results were obtained when the irradiations 
were performed in an atmosphere of nitrogen. This indicates that the 
destruction was not due to photolytic oxidation. 
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The agreement between the chemical and microbiological methods of 
assay employed for these tests is excellent. Apparently both methods are 
specific for the determination of pyridoxine in the presence of its photolytic 
degradation products. Our observations (7) on the destruction of the 
yitamin by alkaline irradiation have recently been confirmed by Carpenter 

and Strong (1). They find, however, that the degradation products stimu- 
| Jate growth of Lactobacillus casei. In view of this observation, the chemical 
data for Experiment N in Table I are of interest. This sample contained 
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Fig. 2. Extinction ratios of aqueous solutions, readjusted to pH 6.8, of pyridoxine 
initially containing 25 y per cc. and irradiated with a 300 watt tungsten lamp for a 
period of 9 hours at varying pH values. Curve A represents the non-irradiated 
control solution at pH 6.8; Curves E, M, and N, the solutions irradiated at pH 6:8, 


1.0, and 13.0 respectively. 


high concentrations of compounds which coupled with chloroimide in the 
presence of borate. Thus, omission of the borate blank in this case would 
have given a value for pyridoxine 60 per cent higher than the true value, a 
figure in good agreement with that obtained from the extinction coefficient. 

It may be seen in Fig. 2 that the presence of such compounds produces 
only moderate distortion of the pyridoxine absorption curve in the region of 
the ultraviolet measured. 

Decomposition products coupling with chloroimide were not present in 
the pyridoxine solutions irradiated at an acid or neutral pH. Only when 
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the absorption curves were considerably distorted was poor agreement 
observed between the values obtained spectrophotometrically and by the 
chemical and microbiological methods. It is of interest that the distortions 


TaBie I 
Destruction of Pyridoxine by Light in Aqueous Solution 











Irradiation Residual! pyridoxine 
Experiment Calculated By By micro- 
Hrs. pH Type* a . chemical biological 
| coefficientt test test 
| y perce. | ¥ perce. ¥ per ce. 
A 0 6.8 Artificial 25 25 25 
. . 3» 42 ome “ 23 23 
C 3 | CUCES, | 1 21 21 
D 4 6.8 ns 18 18 
E 9 | 6.8 12 12 14 
F 14 6.8 ™ 7 7 
G 20 6.8 " Bt | 4 
H 28 6.8 , 2.4f | Ra 
I 52 6.8 0.8t| 0.3 0.1 | 
A 0 6.8 Natural 25 | 25 25 
J 12 6.8 gs 17 17 
K 24 6.8 13 13 13 
L 36 6.8 1] ll 
E 9 6.8 Artificial 12 12 
M 9 1.0 ” 24 24 22 
N 9 13.0 a 20t 11§ 12 





* In the irradiation experiments with artificial light, the solutions were exposed 
in an open beaker 8 inches below a 300 watt tungsten lamp mounted in a white re- 
flector. In the experiments with natural light, the solutions were exposed to bright 
diffuse daylight. 

+ The extinction coefficients were calculated from the optical densities at 324 my. 

t Distorted absorption curves were obtained for these solutions owing to the 
presence of decomposition products which also absorbed in the ultraviolet region. 
The values for pyridoxine calculated from the extinction coefficients are therefore 
erroneously high. 

§ This solution showed considerable color development with 2,6-dichloroquinone- 
chloroimide even in the presence of borate, owing to decomposition products of 
pyridoxine. Correction for these was made by use of the quantitative borate blank 


(5). 


are predominantly below 324 my; above this wave-length, the curves are 
practically superposable. 

These findings on the instability of pyridoxine to light have important 
practical applications in assay, nutritional, and chemical studies with this 
vitamin. However, the destruction is not so rapid as to necessitate the use 
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of a dark room for the routine determination of pyridoxine by a rapid 
chemical procedure (5,6). If manipulations are conducted in the diffuse 
light of the laboratory, and the neutral or alkaline solutions are exposed for 
no longer than an hour, quantitative recoveries are obtained. 


Stability of Pyridoxine to Heat and Chemical Agenis 


Data on the stability of pyridoxine to boiling and autoclaving with strong 
acids and alkali are presented in Table II. Heating the vitamin for 1 hour 
at 100° with 5 n hydrochloric acid, sulfuric acid, or sodium hydroxide does 


Tasie Il 
Effect of Heating Pyridoxine with Acids and Alkali 





Heat treatment 
Recovery of 








Reagent _ eed ——— | pyridoxine 
Time | Temperature 

| Ars. =. | per cent 
ICS -uskh swexcwoeeest 1 100 100 
Hydrochloric acid, 5 N..... 1 100 100 
UNI UD BNC oes co's bcc dave uved 1 100 | 100 
Nitrie acid, 1 N...... wae. 100 90 
ee Oe. l 100 78 
* Fada g | 100 | 78 
” MS as l 100 58 
“ e Bis; 3 I 100 43 
Sodium hydroxide, 5-N.......... rsgiice: Re l 100 100 
Water... ' , vient 0.25 121* | 100 
Hydrochloric acid, 0.1 N.. wigs, Ba 0.25 121 100 
“ we OS ) omnalians 0.25 121 100 
ED SL OM WOE edhe kano 5and,0.s Kee Me 0.5 121 100 
Pe a  cheua ae cee as : 0.5 121 100 
Sodium hydroxide, 0.1 N...............+.. 0.25 121 98 
4 yi B iiiesss neleveiteset | 0,25 121 100 





* This temperature was obtained by autoclaving at 15 pounds pressure. 
+ Autoclaving for 0.5 hour with 2 n sulfuric acid is a procedure recommended for 
the liberation of bound pyridoxine for microbiological assay (9). 


not affect pyridoxine. Similar treatment with nitrie acid, however, results 
in oxidative destruction. The decomposition products do not react with 
the chloroimide reagent. 

Carpenter and Strong (1) have reported that autoclaving pyridoxine in 
0.1 or 1.0 N sodium hydroxide for 15 minutes at 15 pounds pressure re- 
sults in the formation of a substance which has 2.5 times as much growth- 
promoting activity for Lactobacillus casei as pyridoxine. By the chemical 
test of demonstrated specificity (5, 6), such treatment is found to be with- 
out effect on the vitamin. Pyridoxine may be autoclaved for 15 minutes at 
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15 pounds pressure with 1 N hydrochloric acid or sodium hydroxide, or for 
0.5 hour in 4 N sulfuric acid without deleterious effect. 

In Table III are presented the results of miscellaneous experiments on the 
stability of pyridoxine. Manganese dioxide, which is employed for the re- 
moval of ascorbic acid in the analytical determination of pyridoxine in 
pharmaceutical products (6), is inert towards the vitamin. Potassium per- 
manganate destroys pyridoxine; this has been noted by others (1) using the 
Lactobacillus casei procedure. Hydrogen peroxide has been reported (1) to 
convert the vitamin in part to a product with enhanced activity for Lacto- 
bacillus casei, but with no activity for yeast. By the chemical procedure, it 


TaB_eE III 


Miscellaneous Experiments on Stability of Pyridoxine 


Recovery of 


Agent Treatment added pyridoxine 
per cent 
Manganese dioxide’... 1 hr., 25 100 
Potassium permanganatetT... .? 1 
Hydrogen peroxidef.. 4 hrs., 25° 44 
Cystine§.... Autoclaved 1 hr., 15 lbs., pH 7.2 78 


* 200 y of pyridoxine in 20 ec. of 0.33 N sodium hydroxide were shaken with 200 mg. 
of manganese dioxide. 

t 1000 y of pyridoxine in 50 ec. of water plus 0.1 ec. of 4 per cent potassium per- 
manganate were allowed to stand 1 hour. The excess permanganate was then 
destroyed with 1 drop of 3 per cent hydrogen peroxide. The latter was immediately 
removed with manganese dioxide. 

t 1000 y of pyridoxine in 30 cc. of water plus 10 ec. of 3 per cent hydrogen peroxide 
were allowed to stand 4 hours. The excess hydrogen peroxide was destroyed with 
manganese dioxide. 

§ 250 y of pyridoxine, 50 mg. of cystine hydrochloride, and 250 mg. of sodium 
acetate in 250 ec. of solution (pH 7.2) were autoclaved for 1 hour at 15 pounds 


pressure. 


is now found that the treatment with hydrogen peroxide destroys 56 per 
cent of the pyridoxine. The decomposition product reacts with chloro- 
imide in the presence of borate. 

Carpenter and Strong (1) have also reported enhanced activity for Lacto- 
bacillus casei when pyridoxine is autoclaved with cystine at pH 7.2. As 
measured by the more specific chemical method, this treatment is found to 
result in destruction of 22 per cent of the pyridoxine. The reaction prod- 
ucts react with 2,6-dichloroquinonechloroimide in the presence of borate. 
A control solution autoclaved at the same pH without the cystine showed 
no pyridoxine loss. 

The stability of pyridoxine in pharmaceutical preparations is of practical 
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interest. In Fable IV are presented data on the stability of the vitamin in 
several pharmaceutical preparations subjected to an accelerated storage 
test. The conditions of storage were those set forth in the specifications of 
the United States Federal Surplus Commodities Corporation (3) for multi- 
vitamin tablets and capsules. Whereas vitamin A, thiamine, ascorbic 
acid, and pantothenic acid are relatively unstable members in mixed vita- 
min preparations, pyridoxine must now be included with riboflavin and 
nicotinic acid as the more stable components. 


TaBLe IV 
Stability of Pyridoxine in Pharmaceutical Preparations Subjected to Accelerated 
Holding Test 


a . . : 





| Pyridoxine content per unit 
| 























Preparation ve Found 
Minimum 
clelened Initially Alter S00 hes. 
Y 7 Y 
Multivitamin tablet.......... : 333 392 388 
Vitamin B complex tablet.......... .| 50 51 53 
Multivitamin capsule................... 200 206 212 
- © eee, a | 250 303 286 
Vitamin B complex capsule.............. 250 252 261 
4 mineral tablet seneseeeeeeweseesl 83 78 78 
SUMMARY 


Chemical, physical, and microbiological methods were employed in a 
study of the influence of visible light on pyridoxine. The vitamin is un- 
stable when irradiated in aqueous solutions at pH 6.8 or above. At pH 
1.0, pyridoxine is almost unaffected. The destruction is not due to photo- 
lytic oxidation. The vitamin is stable when subjected to heating at 100° 
in 5 N sulfuric or hydrochloric acid, or 5 N sodium hydroxide. Even auto- 
claving strong acid or alkaline solutions of pyridoxine at 15 pounds pres- 
sure is without deleterious effect. The vitamin is unstable in nitric acid 
solutions at 100°, probably because the latter is an oxidizing agent. Thus, 
permanganate and hydrogen peroxide are also capable of destroying pyri- 
doxine, even at room temperature. Manganese dioxide, on the other hand, 
is without effect. Pyridoxine is stable in mixed vitamin preparations sub- 
jected to accelerated storage tests, to the same degree as riboflavin and 
nicotinic acid. 
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STUDIES ON THE UTILIZATION OF CRUDE RICINUS LIPASE* 
V. EFFECT OF SOME SALTS ON THE ACTIVITY OF RICINUS LIPASE 


By 8. C. YANG anp C. HSU 
(From the Department of Agricultural Chemistry, National University of Chekiang, 
. China) 
(Received for publication, May 5, 1944) 


It has frequently been observed that inorganic salts influence enzyme 
actions. With any one enzyme addition of a salt may increase or diminish 
the velocity of the enzyme reaction. In studying the effect of neutral 
salts upon Ricinus lipase, Hoyer (1), Tanaka (2), and Falk and Hamlin (3) 
investigated the action of manganous sulfate on castor bean lipase and 
found that the salt increased its activity. Furthermore, Falk (4) studied 
the effect of various neutral salts on the action of this lipase on ethyl 
butyrate. He found the change in activity to be a continuous function 
of the concentration of salts added. Monovalent salts, the chlorides and 
nitrates of barium and calcium (except for very dilute solutions), mag- 
nesium chloride and nitrate, and dilute solution of sodium sulfate were 
found to exert a depressing effect. Dilute solution of BaClh, CaCl, MgCl, 
MnCl, and MnSO, produced increased activity. Lithium salts had a more 
depressing effect than the salts of sodium or potassium. In the case of the 
sodium and potassium halides, fluorides had the maximum inhibiting effect, 
iodides next, bromides next, and chlorides least. However, there appear 
to be no studies in the literature on the action of cations upon the activity 
of the lipase catalyzing the hydrolysis of oils or fats. In the present paper 
thirty-six salts have been investigated under suitable conditions in order 
to compare their action on crude Ricinus lipase. Twenty-two of them are 
different cations combined with the same anion (nitrate), and the re- 
mainder various anions with the same cation (sodium). 

EXPERIMENTAL 

Preparation of Lipase—The castor oil seeds, selected with special care 
as to size and color, were carefully removed from the hulls, crushed as 
fine as possible in a mortar, and mixed thoroughly. This crude Ricinus 
lipase was analyzed for acidity and oil content to determine blanks applied 
to subsequent analyses. 

* Four other articles have been published in Chinese (J. Chinese Agr. Assn., 
176-177): I. Effect of germination of castor bean (Ricinus communis L.) on its lipase 
content; II. Factors affecting the activity of Ricinus lipase on the hydrolysis of oils 


or fats; III. The activity of Ricinus lipase on various oils or fats; IV. Studies on 
Ricinus lipase content of various castor beans. 
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Determination of Activity—About 1 gm. of castor oil, 1.4 ec. of 0.112 
n H.SO,, and 0.6 cc. of distilled water were mixed thoroughly with about 
0.30 to 0.32 gm. of enzyme in a low form test-tube. To this, 1 cc. of 0.01 n 
salt solution (for cations nitrate salts were used; for anions, sodium salts) 
was added and the mixture was incubated at 40° for 6 hours. After 


TaABLe I 


Effect of Cations on Activity of Crude Ricinus Lipase 














| | : | , Per cent 
savwntoae | on | 2, | ti] Typ! | Mat | ze aon gc 
7-18 | hibition* 
gm. gm. gm. | gm. m.eq. m.eq. m.eq. 

AgNO,.. .. ...}1.0240/0. 3072/0. 2117/1. 2357/0. 2623/0. 2596/0 —100 
Al(NOs)s-9H,0.. . . . .|1.0164]0.3049/0. 2102|1 . 2266 0. 2624/3. 6098|3.3474) 92.43] +21.78 
Ba(NO;)s...... 1.0284)0. 3085)0. 2126/1. 2410/0. 2626/3. 1631/2.9445| 79.16] +4.29 
Bi(NO;);-6H,0O.. 1.0350/0. 31050. 2140/1. 2490 0. 2631 2. 3493|2.0862| 56.57| —25.48 
Ca(NO;)s...... 11.0300)0. 3090/0. 21301. 2430/0. 2627/3. 1613|2.8986| 78.98) +4.06 
Cd(NO )s....... 1.012010. 3014/0. 2056 1. 21760. 2610/3. 2119|2. 9409} 80.23] +5.70 
Co(NO;).-6H,0...... 1.0150/0.3045|0. 2099|1 2249 0. 2616|3.0320|2.7704| 76.60, +0.92 
CuNO,... 0289/0. 3090/0. 2130) 1 .2419)0. 2626|0. 9210/0. 6590) 17.98) —76.73 
Cr(NOs)s-9H,0. ..... .|1.0292|0. 3088/0. 2129/1 2421 0. 2627|3. 5890/3. 3263] 90.70] +19.50 
Fe(NO;)s.... .0120/0. 3014/0. 2056! 1 . 2176/0. 2610/3. 2109/2.9499| 80.43] +5.96 
Fe(NO,);-9H;0 0022/0. 3007/0. 2073|1 . 2005/0. 2607/3. 5687/3. 3680| 92.63) +22.04 


0300/0. 3090/0. 2130/1. 2430/0. 2627/0.9285/0.6658| 18.14] —76.10 
04080. 3122/0. 2153/1 . 2651/0. 2635]1 .2634]0.9999| 26.96) —64.63 
0578/0. 31730. 2186 1.27340. 2645|3.2427}2.9782) 79.19] +4.34 
.0090|0. 3027/0. 2087|1. 2177 0. 2612)3. 24902. 9878) 83.10) +9.49 
9324] 80.10] +5.53 


l 
l 
] 
l 
HgNO;-H,0 1 
Hg(NOs)s.... l 
Mg(NO;)2-6H,0. i 
Mn(NO;):-6H,0.. l 
NaNO,.... 1 .0288/0. 3086|0. 2127/1. 2415/0. 2627 3.1951/2 
NH,NO,..... 1.0131/0.3014/0. 2056 1 . 2187/0. 2604)3. 2477 2.9873) 81.50) +7.38 
Ni(NO;)2-6H,0..... .|1.0190/0.3057/0. 2107/1 . 2297/0. 2619/2. 9084/2.6465) 72.89) —3.01 
l 2 
l 2 
l 
l 
l 


Pb(NO;)s...... 0120/0. 3036/0. 2093} 1 . 2213/0. 2614/3. 2407|2.9793] 82.62} +8.85 























Sn(NQs3)2.... .0121/0.3015/0. 2057 1. 2178/0. 2612/3. 2163): 51| 80.60} +6.21 
Sr(NO;).-4H,0. .0370/0. 3111/0. 2154/1. 2515/0. 2632/3 . 3657 3.1025) 83.69) +10.36 
Zn(NOQs)s..... 0121/0. 3015/0. 2056 1 . 2177/0. 2602)3. 2953/3 .0351|; 82.80) +9.09 
Control .0347)0. 3104/0. 2140)1. 2487 0. 2631/3 0316/2. 7685) 75.90 


* + indicates stimulation; —, inhibition. 


incubation, the mixture was transferred to a 250 cc. Erlenmeyer flask with 
50 ce. of neutral ethyl alcohol, and the fatty acid produced was titrated 
against standard alkali (0.1 N NaOH). The results were calculated by the 
following formula, 


—- 0-—A —C) X 56.1 X 100 
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TaBLe II 
Effect of Anions on Activity of Crude Ricinus Lipase 











2620)3.0457|2.7837| 76.62) +0.66 








salts used, 0.01 3 )i le | Oilin Total Alkali Total | NaOH, Per cont) stioale- 
ee Peewee Al ae ae ee 
gm. gm. gm. gm. m.eq. m.eq. m.eq. 
NaF. '1.0219]0. 3066/0. 2113]1. 2332/0. 2622|2. 6326/2. 3704 65.10 —10.86 
NaCl.. |1.0272)0. 3082/0. 2124/1 . 2396/0. 2625/3. 1202/2.8577| 78.08) +2.12 
aaa 1.027810. 3084/0. 2126) 1 . 2404/0. 2626/3 .0350)2.7724 75.70, —0.26 
Nal.. Wiebe bene ojo memes 0. 2614/3. 0536)/2.7922 77.38) +1.42 
Na;CQ;.. 1.0155)0. 3048/0. 2102/1. 2257/0. 2616/2. 9604/2.6988) 74.58 —1.38 
Na,SO,:10H.O '1.0209/0. 3063/0. 2111/1. 2320/0. 2620/3 91245/2.8625| 78.66 +2.70 
NasPQ,.. 11.1084 0.3324/0. 2292/1 . 3376/0. 2684/2.6926/2.4242) 61.38) —14.58 
NaNO; 1.02920. 3087}0. 2128) .2420(0. 2627 3.0136/2.7509| 74.99| —0.97 
NasCrO, (0. 9996/0. 3000/0. 2068) 1 . 2064/0. 2605/2. 4462/2. 1857) 61.36 —14.60 
Na8.0;-2H,0.. 1 .0210/0. 3063/0. 2111 1. 2321/0. 2620)3.0172|2.7552| 75.74; —0.22 
NaClQs.... |1.0196/0. 3060/0. 2109)1 . 2305/0. 

NaCHO, /1.0309/0. 3093/0. 2132|1 . 2441/0. 2628/2. 4798/2. 2170| 60.36) —15.60 
Na:C,H;0:- 1 .0312/0. 3093/0. 2132|1. 2444/0. 2628/2. 8491/2. 5863 70.39 —5.57 
NasC,0,.... 1.0601 |0. 3180/0. 2192|1.2793|0. 2649/3. 2128|2.9479 78.05) +2.09 
2Na;C,H,0,7-11H.O. .|1.01 48/0. 3045|0. 2099 1. 2247/0. 2616|2.7378)2.4762) 68.48; —7.48 

l 1. 














Control | 0734/0. 3220/0. 2270 
! 


3054/0. 2658|3 . 1935/2.9277| 75.96 
*+4 indicates stimulation; —, inhibition. 





where 7’ = total NaOH used, in milliequivalets 
0 acidity of oil taken, in milliequivalents 


A = milliequivalents of acid added 

C = acidity of enzyme used, in milliequivalents 

W = weight both of added oil and oil in the enzyme 
S = true saponification value of the oil 


Results 
The effect of thirty-six salts on the activity of Ricinus lipase has been 
studied in two series. One of them is for cations and the other for anions. 
The results obtained are presented in Tables I and IT respectively. 


DISCUSSION 


From the experimental data it is obvious that most cations had a stimu- 
lating effect, while the anions had an inhibiting action. 
For the cations shown in Table I, a lyotropic series may be made as 
follows: 
Fev**+, Al*+*++ > Crt++ > Sr** > Mn** > Pb**, Zn** > NH,* > Sn** > Fe** > 
Cd** > Nat > Batt > Mgt* > Ca** > Co*+ > control > Ni*t* > Bi*** > 
Hg** > Hgt > Cut > Agt 








= ish 
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These results indicate that the cations listed before the control (no ad- 
ded salts) were the most effective salts in increasing the activity of lipase, 
while those following the control were the most effective salts in decreasing 
it. 

In order to simplify the series, it is possible, by a careful study of these 
results, to point out series of regularities. For instance the effect of 
trivalent ions such as ferric was greater than that of divalent ions, and 
that of the latter was in turn greater than that of monovalent ions. Thus 
for stimulation the order is C+**+ > C++ > C+. It is just the reverse for 
inhibition; viz., C+ > C++ > C++*. These regularities can be used either 
for different elements or the same element: for different elements as 
Fe+*++ > Mn*+ > Na? (in stimulation) and Cut > Hg** > Bit*** (in 
inhibition) ; for the same element as Fe+*++ > Fet+*+ and Hg+ > Hgt*. 

In industry, manganese (especially MnSQO,) is commonly used for 
stimulating the activity of Ricinus lipase on the hydrolysis of oils or fats. 
But from our experimental results, it is necessary to suggest that the ferric 
or similar salts must be used instead of manganese salts. 

On the other hand, the anions, shown in Table II, had an inhibiting 
action and a series may also be given. 


CHO;- > CrO,-- > PO; -- > F- > C,H,0;,-~~ > C.H;,0;- > CO;-- > NO; > 
I- > control > ClO;- > Br- > C,0,-~ > Cl- > SO; 


From the above series, it is clear that the general antiseptics (formate and 
fluoride) are powerful inhibiting agents on Ricinus lipase. Other ions had 
inhibiting effects apparently in the order of the valency of the anions; 
e.g., POs ~~, CeH3;07- ~~, CO;-~, NO;-, Cl- This may also be 
written as A~~~ > A~~ > A>. Furthermore, from a careful study on 
halides, the retardation increased in the order of chloride, bromide, iodide, 
and fluoride. 

In some cases, the anions following the control have shown a stimulating 
action on the lipase. This may be explained by assuming that the stimu- 
lating effect of sodium ions is greater than the inhibiting action of the 
anions. Consequently, the positive and negative constituents of each salt 
apparently exert their individual actions which sum up to give the total 
action of the salt. 


SUMMARY 
The effect of thirty-six salts on the activity of Ricinus lipase was studied 
under suitable conditions. Two lyotropic series have been determined, 
one for cations and another for anions. 
In the case of cations, most of them increase the activity of lipase, while 
some diminish it. From these results a general rule according to valency 
has been suggested, thus C+*++ > C++ > C* for stimulation and Ct > 
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(++ > C++ for inhibition. The rule for most cases can be used either for 
different elements or the same element. 

On the other hand, the anions mostly decrease the activity of lipase, but 
in a few cases such as ClO; , Br’, etc., show an increasing action. How- 
ever, this effect may be due to the stimulating effect of the cation (Na) 
being greater than the inhibiting action of the anions. Hence a general 
rule for the inhibiting action of anions is A+**+ > At+* > At. 
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FATTY ACID METABOLISM. THE MECHANISM OF KETONE 
BODY SYNTHESIS FROM FATTY ACIDS, WITH ISOTOPIC 
CARBON AS TRACER* 


By SIDNEY WEINHOUSE, GRACE MEDES, anp NORMAN F. FLOYD 
(From the Lankenau Hospital Research Institute, Philadelphia) 


(Received for publication, May 18, 1944) 


In a recent communication (1), results were reported of a study of the 
breakdown of n-octanoic acid labeled by incorporation of an excess of the 
heavy carbon isotope, C, in the carboxyl group. Proof was offered for a 
mechanism of ketone body formation involving the random coupling of 
identical 2-carbon units formed by 6 oxidation of the octanoic acid. The 
present paper is concerned with a more detailed description of these ex- 
periments and a discussion of the significance of the results obtained to 
the general question of the oxidation pathways of fatty acids. 


EXPERIMENTAL 


Preparation of Carboxyl-Labeled n-Octanoic Acid—Carbon dioxide was 
prepared by the oxidation of 0.49 gm. (0.01 mole) of isotopic sodium cyanide 
with aqueous potassium permanganate. The CO, was released by means 
of sulfuric acid into a high vacuum system, where it was purified and dried 
by repeated sublimation at —80° and condensation at —200°. Analysis 
in the mass spectrometer gave a C® content of 5.51 per cent... The CO, 
was then condensed into a highly evacuated flask containing an excess of 
n-heptylmagnesium bromide in ether. After several hours were allowed 
for the reaction to go to completion, the reaction mixture was decomposed 
with dilute sulfuric acid and distilled with steam. The distillate was ex- 
tracted with ether, the ether extract was shaken with dilute sodium hy- 
droxide, and the aqueous solution of sodium octanoate acidified and re- 
extracted with ether. The extract was then dried over anhydrous sodium 
sulfate and the ether evaporated. The residual colorless oil weighed 1.175 
gm., representing a yield of 81 per cent. A Duclaux distillation revealed 
no perceptible volatile acid other than n-octanoic. Neutralization equiva- 
lent, observed, 143.0; calculated, 144.2. 

* With the technical assistance of Mary Cammaroti. 

! The C!* content is expressed as atoms per cent C'* calculated from the equation 
(2), 

5 moles C™¥ 
Atoms % C8 - moles C® + moles O! x 100 
The normal C!* complement for our instrument was found to be 1.04 per cent. 
143 
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A specimen of this acid was oxidized according to the wet combustion 
method of Van Slyke and Folch (3). The resultant CO, had a C™ content 
of 1.59 per cent, corresponding to a C™ content for the carboxyl carbon of 
(1.59 X 8) — (1.04 X 7) = 5.44 per cent, in excellent agreement with the 
value of 5.51 per cent found for the C™ content of the original COs.. 

Incubation with Liver Slices—Liver slices of 0.4 mm. thickness from ratg 
fasted 24 hours were shaken for 2 hours at 37.5° with 30 ml. of a 0.01 y 
sodium octanoate solution in a phosphate-buffered Ringer’s solution. The 
composition of the medium was as follows: sodium octanoate 0.010 m, 
NaCl 0.051 m, PO, buffer, pH 7.4, 0.010 m, CaCl, 0.001 m, KCl 0.002 m. 
The reaction was carried out in Warburg type vessels of 125 ml. capacity in 
an atmosphere of oxygen, with 0.5 ml. of 2 n H,SO, in the side cup and 
filter paper soaked with 0.5 ml. of 15 n NaOH in the central well. The 
uptake of oxygen was measured by an attached gas burette. At the end 
of the incubation period the acid, sufficient to bring the pH of the medium 
to 3.5, was tipped in from the side cup and shaking continued an additional 
15 minutes to allow complete absorption of the liberated COs. 

Determination of Respiratory CO.—The alkali-soaked filter paper in the 
central well was quickly transferred to another Warburg vessel containing 
20 ml. of CO,-free water, the air was swept out with a stream of CO--free 
nitrogen, and, after equilibration, the CO, was liberated by acid tipped in 
from the side cup. The evolved CO, was measured volumetrically. The 
gases were then swept, by means of nitrogen, into an absorption tube con- 
taining barium hydroxide, from which the CO, was ultimately liberated 
by acid into an evacuated storage tube for determination of the C™ content. 

Decomposition of Acetoacetic Acid and Isolation of Acetone and CO, 
Therefrom—The solution was decanted from the liver slices into a 50 ml. 
centrifuge tube, the slices were washed successively with small portions of 
dilute alkali and water to remove any adsorbed fatty acid, and the washings 
added to the solution. The soluble proteins and sugar were removed by 
the addition of 1 ml. of 25 per cent copper sulfate, followed by sufficient 

solid calcium hydroxide for alkalinity. After standing } hour, the mixture 
was centrifuged, and the clear supernatant liquid refluxed with mercuric 
sulfate according to the procedure of Van Slyke (4). The COz liberated 
by the decomposition of the acetoacetic acid was swept, by a stream of 
nitrogen, into barium hydroxide solution, from which it was liberated by 
acid into an evacuated storage tube for determination of the C" content. 
The precipitated acetone-mercury complex was transferred to a weighed, 
sintered glass funnel, washed thoroughly, and dried at 110°. It was then 
oxidized by the wet combustion method of Van Slyke and Folch for deter- 
mination of the C” content. 

The filtrate from the acetone precipitation was then treated with di- 
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chromate according to Van Slyke (4) for the oxidation of 8-hydroxybutyric 
acid, and the acetone and CO; isolated as described above. COC determina- 
tions were made on the CO, evolved during the oxidation, but the amount 
of acetone-mercury complex formed was too low for C¥ determinations. 

Recovery of Residual Fatty Acids—The final filtrate was diluted to 200 
ml. and the volatile acids determined by the method of Friedemann (5). 
Duclaux distillations were carried out on the residual fatty acids for com- 
parison with the original octanoic acid. 

Isotope Analysis—The C™ determinations were carried out with a com- 
mercial mass spectrometer manufactured by the Consolidated Engineering 
Corporation of Pasadena, California. The C™ values given herein have 


Tasie I 
Distribution of C in Products of Incubation of 0.01 m Carboxyl-Labeled Octanoate with 
Liver Slices from Fasted Rats 


Time, 2 hours; temperature, 37.5°. 


Experiment 1 Experiment 2 | Experiment 3 | Experiment 4 








Tissue, gm. 1.25 1.25 i 2.50 j 2.50 
Volume of medium, ml. . 30 | 30 | 60 60 
mam woe oun a oy me |e me ca” 

Octanoic acid utilized | 1.59 10.207 | 1.59 0.389 | 1.59 0.309 | 1.59 
0, consumed... ... 0.219 | 0.242 (0.338 | 0.283 
CO; evolved in respiration | 1.41 0.143 | 1.34 10.221 | 1.35 0.161 | 1.39 
Acetoacetic acid 

Acetone 0.0383! 1.33 |0.0787, 1.34 0.0579) 1.30 |0.0755) 1.33 

Carboxy! | 1.80 1.89 (0.0330) 1.78 10.0659) 1.85 
Hydroxybutyric acid 

Acetone 0.0162 0.0143, 0.0294! 0.0376 

Carboxy! | | | 1,22 | 0.1623) 1.15 


been corrected for the 0.04 per cent of O” naturally present in oxygen 
contributing to the mass 45 peak as COO”. 


Results 


The results of four experiments in which carboxyl-labeled n-octanoic 
acid was incubated for 2 hours with liver slices from fasted rats are shown 
in Table I. The mean C" content of the acetone moiety of the acetoacetic 
acid is 1.32 + 0.02 atom per cent, representing an excess of 0.28 per cent 
over the normal complement of 1.04 per cent. The COs derived from the 
carboxyl group of the acetoacetic acid contained 1.82 + 0.03 per cent C%, 
an excess of 0.78 per cent. 

Location of C™* within Acetone Molecule—To ascertain the position of the 
C8 within the acetone the remaining Denigts mercury-acetone complex 
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from the four experiments was pooled, giving in all 40.2 mg., representing 
2.01 mg. of acetone. It was dissolved in 2 ml. of 6 nN HCl and the acetone 
distilled at room temperature under reduced pressure into a cooled mix. 
ture of 2 ml. of 15 n NaOH and 2 ml. of 0.1 N iodine solution. After 
warming to room temperature, the mixture was acidified. The iodoform 
was separated by centrifugation, washed thoroughly, and oxidized to CO, 
by the wet combustién procedure of Van Slyke and Folch. The CO, 
thus obtained had only the normal complement of C"™, 1.04 per cent, | 
Since the iodoform in this procedure is derived from the methyl] carbons, 
it is clear that the excess C" of the acetone is exclusively in the car- 
bonyl carbon. Inasmuch as the mean C"™ content of the entire acetone 
molecule is 1.32, an excess of 0.28 per cent, the C™ excess of the carbony| 
carbon is (3 X 0.28) or 0.84 per cent. 

Respiratory CO,;—The mean value for the C™ content of the respiratory 
CO, was 1.37 + 0.03 per cent, representing an excess of 0.33 per cent. 
Since the octanoic acid contained 1.59 per cent C"’, or an excess of 0.55 per 
cent, the average fraction of the respiratory CO, derived by complete | 
oxidation of the substrate is 0.33/0.55 or 60 per cent of the total respiratory | 





COx. 

Disappearance of Octanoic Acid—In three of four experiments shown in | 
Table I determinations were made of the amount of n-octanoic acid which 
disappeared during incubation. Of 0.207, 0.389, and 0.309 mm of octanoic 
acid utilized in these experiments only 0.0930, 0.0873, and 0.1131 mm respec- 
tively of total ketone bodies (as acetone) were recovered. Thus, of the 
octanoic acid disappearing, only 22, 11, and 18 per cent ~espectively can be 
accounted for as ketone bodies. Because of this surprising finding the 
method of recovery of the octanoic acid was carefully investigated. The 
residual acid was generally recovered after the successive steps of depro- 
teinization, precipitation of acetone, and oxidation of 8-hydroxybutyrie 
acid. Preliminary experiments with known quantities of acetoacetie, 
8-hydroxybutyric, and n-octanoic acids of the same order as is dealt with 
in these experiments gave quantitative recoveries of each component. 
However, in order to rule out any possibility of loss of octanoic acid by any 
of these procedures, in Experiments 3 and 4 aliquots of the solution after 
incubation were acidified and distilled directly. The octanoic acid re- 
covered by this procedure was not significantly greater than that obtained 
after deproteinization and ketone body isolation. The possibility that 
octanoic acid may be bound by the tissue was also investigated. A buf- 
fered 0.01 m solution of octanoic acid was divided into two equal parts, 
one of which was distilled directly, the other shaken with 1.25 gm. of liver 
slices and then distilled. The recovery of acid was quantitative in both 
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instances; hence there is no significant absorption of octanoic acid by the 
tissues. 

Volatile Fatty Acids—The Duclaux constants for the initial octanoic acid 
and the voltaile acids obtained by direct distillation after incubation are 
compared in Table II. There is indicated the presence of a small amount 
of a more volatile acid accompanying the octanoic acid. Inasmuch as 
butyric and hexanoic acids can be detected by odor in very low concentra- 
tions, there is little likelihood they are present in significant amounts. 
That the acid is possibly acetic acid is indicated by comparison of the 
Duclaux constants of the volatile acids with those of a synthetic mixture 
consisting of 90 per cent octanoic and 10 per cent acetic acid (Table II). 
The constants are practically identical. 


Tas_e II 
Duclaux Constants of Fatty Acids 





Total volume distilled 


























| “yas | 250 37.5 | soo | 250 
per cent per cent per cent per cent per cent 
Per cent of total acidity in distillate 
—— d Sree eee — o_ ieee 
n-Octanoic acid. exp y8s ensistensanedh ie of. inci ane | 98.4 100.0 
Carboxyl-labeled n-octanoic acid......| 86.1 | 97.0 | 98.2 98.8 100.0 
Volatile acids, Experiment 4.... | 79.5 | 91.0 | 94.3 | 96.1 100.0 
90% octanoic acid-10%, acetic acid.....| 79.0 91.1 | 93.6 | 95.8 100.0 
Acetic acid | 14.7 | 80.1 | 46.4 | 63.9 | 100.0 
DISCUSSION 


Mechanism of Ketone Body Synthesis—The classical theory of 8 oxidation 
(6, 7) assumes that successive 8 oxidation along the fatty acid chain occurs, 
the last 4 carbon atoms, in the form of butyric acid, being oxidized directly to 
the ketone bodies. As originally conceived, this theory failed to account for 
the absence of acetic acid, which would be expected in large amounts as a 
result of 8 oxidation (8-10), and the formation, under certain circumstances, 
of more than 1 molecule of ketone body per molecule of fatty acid catabo- 
lized (11). As a result, several modifications of this theory have been pro- 
posed. To account for the high yields of ketone body by liver slices 
Jowett and Quastel (11) revived the hypothesis of Hurtley (8) that oxida- 
tion occurs at alternate carbon atoms throughout the fatty acid chain prior 
to splitting into units of 4 carbon atoms. Known as the theory of multiple 
alternate oxidation, it has been accepted widely (10-12). 

Recently MacKay (13) has suggested that the ketone bodies may be 
formed by condensation of acetic acid (or some other 2-cardon intermediary ) 
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resulting from 8 oxidation of the fatty acid. Although no experimental 
evidence was offered for this hypothesis, it is consistent with the known faets 
on which are based the earlier theories, and it explains certain findings 
which cannot be reconciled with the theory of multiple alternate oxidation; 
namely, (a) the formation of more ketone bodies from hexanoic than from 
butyric acid (12), and (6) the formation of ketone bodies from valeric acid, 
3 carbon atoms of which are known to form glycogen (14, 15). 

The essential correctness of the principle of 8 oxidation was conclusively 
demonstrated by Schoenheimer who found, with deuterium-containing fatty 
acids, the mutual interconversion in vivo of palmitic and stearic acids (16), 

The presence of excess C™ in the acetone portion of acetoacetic acid 
formed by the breakdown of carboxyl-labeled n-octanoic acid is proof that a 
redistribution of the carbon atoms occurred during this process, a result 
which is inconsistent with either the classical theory of 8 oxidation or the 
multiple alternate oxidation hypothesis. Moreover, the equal distribution 

Tasie III 


Comparison of Observed Values of C** Distribution in Acetoacetic Acid Predicted by 
Various Theories of Ketone Body Formation 


Atom per cent C®, excess 


Carbony! Carboxyl 
Observed 0.84 0.83 
8 oxidation-condensation theory 1.10 1.10 
Multiple alternate oxidation theory 0 2.20 
Classical 8 oxidation theory , 0 0 


of the excess C“ between the carbonyl and carboxyl carbons of acetoacetic 
acid and the absence of excess C"™ from the methyl and methylene carbons 
are consistent only with a mechanism involving the random coupling of 
identical 2-carbon units. The observed distribution of the excess C" 
between the carbonyl and carboxyl carbons, compared with the values 
calculated for the three theories discussed above, is shown in Table III. 
The correspondence between the observed values and those predicted by 
the 8 oxidation-condensation mechanism is actually better than that indi- 
cated in Table III when it is recalled that in the absence of a substrate there 
is a spontaneous formation of ketone bodies sufficient to account for the 
differences noted. 

The observations also rule out the mechanism for the formation of aceto- 
acetic acid suggested by Krebs and Johnson (17), whereby it was presumed 
acetic and pyruvic acids condense to form acetopyruvic acid, which is then 
decarboxylated, according to the equation 


CH,COOH + CH,COCOOH — CH,COCH,COCOOH — CH,COCH;,COOH + CO; 
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The results also preclude any possibility of the formation of ketone bodies 
by a mechanism involving either a or w oxidation of fatty acid (18). It 
should be pointed out, however, that these mechanisms, ruled out in the 
liver slice experiments, may occur in the intact organism. 

Formation of Lower Fatty Acids—In 8 oxidation according to the classical 
theory, the assumption is made that a molecule of the next lower homologue, 
in this case hexanoic acid, is formed. If the latter had to compete with the 
remaining octanoic acid for the available active surfaces of the enzymes 
involved, there should occur an accumulation of hexanoic acid as oxidation 
proceeds. The same considerations apply to the lower acids, butyric and 
acetic. As a result, varying amounts of hexanoic, butyric, and acetic acids 
would accumulate, depending on the relative rates at which each was trans- 
formed. But these experiments gave no evidence for the presence of either 
hexanoic or butyric acid, and acetic acid, in agreement with previous ob- 
servations (10, 14), was present, if at all, in amounts small in comparison 
with the amounts of octanoic acid catabolized. Several explanations may 
be offered for this phenomenon, though they have not as yet been put to 
experimental test: (a) the lower acids may be oxidized or otherwise metab- 
olized much more rapidly than the original 8-carbon acid; (b) the fatty 
acids may be so adsorbed to the surface of the enzyme that complete con- 
version to acetic acid occurs without dissociation of the intermediate lower 
fatty acids. 

Nature of the 2-Carbon Intermediary—Although the nature of the 2-carbon 
fragment formed by 8 oxidation is not known with certainty, acetic acid 
appears to be the most likely possibility, since it is the only 2-carbon com- 
pound known to form ketone bodies both in vitro and in intact animals 
(11, 13, 14). The experiments of Swendseid, Barnes, Hemingway, and 
Nier (19) with carboxyl-labeled acetic acid are particularly convincing. 

At first glance it is difficult to reconcile this conclusion with the observa- 
tion of previous investigators that acetic acid forms ketone bodies at a 
slower rate than the higher acids (11, 14). It is possible, however, that in 
these in vitro studies the absorption of acetic acid through the cell wall 
is slow and is the limiting factor in the rate of its transformation to the 
ketone bodies. It is possible also that the 2-carbon intermediary is not 
acetic acid itself, but a more active derivative, such as, for example, acetyl 
phosphate (20). 

In view of the possible réle of acetic acid as an intermediate in the 
synthesis of ketone bodies, suggested by this work, it is noteworthy that 
Lehninger (21) has found an enzyme in muscle mince and bacteria which 
catalyzes the reverse reaction, the breakdown of acetoacetic to acetic acid. 

Other Possible Breakdown Pathways of Octanoic Acid—Of the octanoic 
acid utilized in these experiments only about one-fifth or less can be ac- 
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counted for by the formation of ketone bodies (Table I). The question 
arises, therefore, as to other possible breakdown products. One possibility 
is complete oxidation toCO,. Ordinarily it is impossible to know what pro- 
portion of the respiratory CO, comes from the substrate and how much 
represents oxidation of tissue constituents. With the aid of the carbon 
isotope, however, the CO, arising from the substrate may readily be cal- 
culated. In Experiment 4, for example, the fraction of the respiratory 
CO, which would arise from complete oxidation of the octanoic acid 
amounts to 62 per cent (see the computation under respiratory CO,), 
Of the 0.161 mm of respiratory CO, obtained 0.161 X 0.62 or 0.0998 came 
from the substrate. Since each mole of octanoic acid yields 8 moles of CO, 
upon complete oxidation, the 0.0998 mm of CO, represents the complete 
oxidation of 0.0998/8 = 0.0125 mm or only (0.0125  100)/0.309 = 4. 
per cent of the total octanoic acid which disappeared. Similar calculations 
for Experiments 2 and 3 give values of 4.7 and 4.0 per cent respectively. 
Inasmuch as a portion of the respiratory CO, came from spontaneous de- 
carboxylation of the acetoacetic acid, the portion arising by oxidation is 
probably lower than the calculated values. It is clear that only a small 
amount of octanoic acid was completely oxidized. 

This conclusion is borne out by consideration of the oxygen consumed, 
which in each experiment was very much less than would be required if 
extensive oxidation of the octanoic acid had occurred. The results suggest 
that octanoic acid may be catabolized by some as yet unknown non-oxida- 
tive reaction, or its oxidation may be coupled with a reductive process. No 
products containing C“, other than the ketone bodies, have as yet been 
isolated from these experiments, but the investigation is continuing. 


SUMMARY 


1. When n-octanoic acid, labeled by the incorporation of C" in the car- 
boxyl group, was incubated in vitro with liver slices from fasted rats, the re- 
sultant acetoacetic acid contained the excess C™ equally distributed between 
the carbonyl and carboxyl carbon atoms. The results offer unequivocal 
evidence that the ketone bodies are formed by condensation of a 2-carbon 
intermediary resulting from 8 oxidation of the fatty acid. 

2. Although the nature of the 2-carbon intermediary formed by 6 oxida- 
tion is unknown as yet, the most probable substance is acetic acid. 

3. Only 20 to 25 per cent of the octanoic acid which disappeared could 
be accounted for either by ketone body formation or by complete oxidation 
to COs. 


We express our thanks to Professor H. C. Urey for kindly supplying us 
with the isotopic sodium cyanide used in this study. Our thanks are due 
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also to the Catalytic Development Corporation of Marcus Hook, Penn- 
sylvania, for its cooperation, and particularly for the use of the mass 


spectrometer for the C™ analyses. 
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THE USE OF LACTOBACILLUS FERMENTUM 36 FOR THIAMINE 
ASSAY* 


By HERBERT P. SARETT ann VERNON H. CHELDELIN 


(From the Department of Chemistry, Oregon State College, Corvallis) 
(Received for publication, May 18, 1944) 


For the assay of thiamine several microbiological, chemical, and physical 
* methods have been introduced. 

The yeast fermentation method of Schultz, Atkin, and Frey (1) is limited 
in use by the special apparatus needed, the activity of the pyrimidine! 
moiety of thiamine, and the high blank fermentation value. In the yeast 
growth method (2) the pyrimidine and thiazole halves of the thiamine 
molecule are also stimulatory. Phycomyces blakesleeanus (3, 4) responds to 
pyrimidine and thiazole when both are present, requires over 2 weeks for 
assays, and is the least sensitive of the microbiological agents. The use 
of Streptococcus salivarius by Niven and Smiley (5) is not practical for 
routine assays because the organism is grown at pH 7.4, necessitating 
aseptic addition of all thiamine and sample solutions to the autoclaved 
tubes of medium. 

Colorimetric chemical methods (6, 7) are not sensitive enough for ma- 
terials of low potency and present difficulties in the removal of interfering 
substances. The thiochrome method (8, 9) is also limited to higher con- 
centrations of thiamine for accurate results and with extreme care gives 
reproducible values. In urines F», a fluorescent metabolite of nicotinamide, 
may interfere with determinations by the thiochrome method (10). 

In the present communication a rapid microbiological method for thi- 
amine assay is proposed in which Lactobacillus fermentum 36? is used. The 
growth response is measured turbidimetrically after 16 to 18 hours. Under 
the conditions of the test, pyrimidine and thiazole are not active either 


* Presented before the Division of Biological Chemistry at the 107th meeting of 
the American Chemical Society, Cleveland, Ohio. 

Published with the approval of the Monographs Publication Committee, Oregon 
State College. Research paper No. 80, School of Science, Department of Chemistry. 

This work was supported by the Nutrition Foundation, Inc. 

1 In the present communication pyrimidine and thiazole refer to the halves of 
the thiamine molecule, 2-methyl-4-amino-5-ethoxymethylpyrimidine, and 4-methyl- 
5-hydroxyethylthiazole, respectively. We are indebted to Vitamins, Inc., Chicago, 
Illinois, for a gift of these compounds. - 

? This organism was obtained through the courtesy of Dr. W. H. Peterson and Dr. E. 
McCoy of the University of Wisconsin. Cultures may be obtained from the Ameri- 
ean Type Culture Collection, Georgetown University Medical School, Washington, 
D. C., where it is listed as No. 9338. 
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alone, together, or in the presence of thiamine. ‘The organism shows a 
steep quantitative response in the presence of 0.005 to 0.04 vy of thiamine 
per tube (10 ml.) and can be used for assay of foods, tissues, urines, and 
vitamin concentrates. 


Method 


Lactobacillus fermentum 36, which was isolated and described by Stiles, 
Peterson, and Fred (11), is kept in stab cultures containing 1 per cent 
glucose, 1 per cent Difco veast extract, and 2 per cent agar. The stabs are 
incubated at 37° until heavy growth is obtained, 24 to 36 hours, and are 
then kept in the refrigerator. Stock cultures are transferred every month, 
Stabs for daily use are prepared similarly as needed. The inoculum for 


TaBLe | 
Basal Medium 


Alkali-treated peptone (+ Salt Solution B* 10 mi, 
sodium acetate) 20 gm. | Riboflavin 200 ¥ 
Acid-hydrolyzed vitamin-free Calcium pantothenate ys 
casein 5 “ p-Aminobenzoic acid... 200 *“ 
Glucose.... 10 ‘* Nieotinie acid.. 200 
Sodium acetate, anhydrous. 12 * Pyridoxine hydrochloride 200 
Cystine 200 mg. | Biotin 0.8 * 
Adenine sulfate 20 ‘* Folic acidf. 0.5 “ 
Guanine hydrochloride 20 * Distilled water to 1 liter, pH 
Uracil.... 20 ** 6.5 
Salt Solution A*...... 10 ml. 


* Prepared according to Snell and Strong (12). 
+ A folic acid concentrate was kindly furnished by Dr. R. J. Williams of the 
University of Texas, and is used here in terms of 40,000 potency. 


assay is always made from stab culture, never by subculturing. For this 
inoculum the organism is grown at 37° for 16 to 24 hours, but not longer, 
in the basal medium to which 0.1 y of thiamine and 5 mg. of Difco yeast 
extract have been added. 

The composition of the basal medium is shown in Table I. The addi- 
tion of thiamine alone enables Lactobacillus fermentum to grow as rapidly 
and as heavily as in the presence of yeast or liver extracts. 

The glucose and acetate concentrations of the medium (including the 
acetate in the peptone preparation) are equal to the larger amounts sug- 
gested for Lactobacillus casei (13) and promote faster growth. The alkali- 
treated peptone (14) contributes markedly to the rapid growth of this 
organism. The use of untreated peptone gives higher blank growth. Sub- 
stitution of casein hydrolysate for the peptone permits only slow growth. 
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However, casein hydrolysate is stimulatory in the presence of this maximal 
amount of peptone and is included. The casein is prepared by autoclaving 
16 hours with 25 per cent sulfuric acid, removal of the sulfate with barium 
hydroxide, norit treatment at pH 3 (10 gm. per 100. gm. of casein), and sub- 
sequent neutralization. 

Without purines maximal growth is not obtained with larger amounts of 
thiamine and the curve slopes off above 0.03 y per tube. Adenine alone 
restores most of this additional growth but the use of all three bases for 
assays seems preferable. Adenine, guanine, and uracil are kept in a solu- 
tion containing | mg. of each per ml., prepared by heating in the presence of 
hydrochloric acid. 

A similar situation exists with the vitamins in the basal medium. Laeto- 
bacillus fermentum requires only thiamine and pantothenic acid for good 
growth. The addition of riboflavin to these is stimulatory and, with 
p-aminobenzoic acid also included, the same 18 hour growth curve is ob- 
tained as with all the vitamins shown. However, assays of materials with 
amedium supplemented only with pantothenic acid, riboflavin, and p-amino- 
benzoic acid give higher thiamine values than with the complete medium 
and sometimes show a downward drift with larger assay samples or erratic 
recoveries of added thiamine. These difficulties are not encountered when 
the complete medium is used. A concentrated solution of the seven vita- 
mins of the medium is kept in the refrigerator and renewed each week. 

Other supplements which have been tried but which were found to be 
unnecessary in the medium are asparagine, tryptophane, inositol, choline, 
and various yeast and liver extracts treated with sulfite or fullers’ earth. 
The growth curve is not affected by the presence of 5 or 10 mg. of undigested 
starch per tube nor by 50 or 100 y amounts of stearic acid, oleic acid, or 
Wesson oil. 

Assay Procedure—aAssays are carried out in 20 X 150 mm. lipless Pyrex 
test-tubes. The sample (at pH 6.5) in each tube is diluted (if necessary) 
to5 ml. with distilled water and 5 ml. of the basal medium (pH 6.5) shown 
in Table I are added to each. A standard curve, which is run every time, 
contains 0.0, 0.005, 0.01, 0.015, 0.02, 0.03, 0.04, and 0.05 y of thiamine 
hydrochloride per tube (10 ml.). Samples to be assayed are usually run at 
four levels, 1 to 4 ml., containing approximately 0.005 to 0.01 y of thiamine 
hydrochloride per ml. All thiamine values in the present communication 
are in terms of thiamine hydrochloride. 

The tubes are plugged and steamed at 100° for 15 minutes. This steam- 
ing is sufficient to keep the test free of contamination for the short time that 
itisrun. Steaming, in contrast to autoclaving at higher temperature, does 
not darken the medium and decreases the possibility of any thiamine 


destruction. 
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After cooling, the tubes are inoculated with | drop of a dilute inoculum, 
prepared by adding 0.05 ml. of the 24 hour inoculum (previously described) 
to 10 ml. of sterile saline. The set is incubated at 37° for 16 to 18 hours, 
then cooled in a refrigerator for 15 minutes to stop growth, and the turbid- 
ity measured in any reliable photoelectric colorimeter. We have used a 
Pfaltz and Bauer instrument for which a 20 mm. tube holder was built. 
The turbidities are read with a 5400 A filter with an uninoculated tube as a 
blank. A typical standard curve for thiamine is shown in Fig. 1. The 
turbidimetric readings are given in terms of optical density which is equal 
to log 100 minus log per cent transmission. 

The lower curve in Fig. 1 is the growth obtained with equal amounts of 
the pyrimidine and thiazole moieties at 18 hours.’ The presence of either 
or both of these substances at these levels does not change the standard 
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Fic. 1. Growth response of Lactobacillus fermentum to thiamine and derivatives. 
Optical density as log 100 minus log per cent transmission (equals 2 — log @). 


curve for thiamine or the response to biological extracts in 18 hours. In 
20 to 24 hours Lactobacillus fermentum starts to use these halves of the mole- 
cule, showing from 5 to 10 per cent of the activity of thiamine, and in 40 to 
48 hours is using them almost as well as it does thiamine. This prevents 
the use of an assay by acid titration and necessitates turbidimetric readings. 
These readings are best after 16 to 18 hours of incubation at 37°, although 
the same assay results may be obtained as early as 14 hours. 

After 16 to 18 hours cocarboxylase is about 30 per cent more active than 


? Occasionally a culture shows 5 to 10 per cent activity with pyrimidine and 
thiazole in 18 hours. This is checked in our laboratory by adding 0.05 y each of 
pyrimidine and thiazole to a tube containing 0.01 y of thiamine and comparing the 
growth obtained with that for 0.01 y of thiamine of the standard curve. This change 
in response may occur if the inoculum is too concentrated or if the stab is not fully 
grown, in which case the stab is discarded and a new one made from stock. 





1m, 


Irs, 


id- 


ler 














H. P. SARETT AND V. H. CHELDELIN 157 


equimolecular amounts of thiamine, although both compounds are equally 
stimulatory after 24 hours of incubation. 

Preparation of Samples for Assay—For complete extraction of thiamine 
from foods and tissues and conversion of cocarboxylase to free thiamine it 
has been found necessary to digest the samples enzymatically. 1 gm. of 
the finely ground or blended sample is digested under benzene for 16 to 24 
hours with 20 mg. each of papain and taka-diastase in 40 ml. of 0.5 per cent 
acetate buffer, pH 4.5 (15). The digest is then steamed, diluted to 50 ml., 
filtered with the aid of Celite, and the pH adjusted to 6.5 to 6.6. For 


Taste II 
Thiamine Analyses and Recoveries 

















Material Sample | bs me Tree Recovery 
meg. Y Y per cent 
White flour, un- | 10 | 0.0080 0.80 
enriched | 20 0.0165 0.83 
30 0.0243 0.81 
| 40 0.0320 0.80 
| 10 + 0.01 y thiamine 0.0178 98 
20 + 0.01 7 0.0260 95 
Dehydrated 2.5 0.0060 24 
pork 5.0 0.0140 28 
7.5 0.0210 28 
| 10.0 0.0280 28 
; 2.5 + 0.01 y thiamine 0.0170 110 
5.0 + 0.01 “ ‘9 0.0230 90 
ml. 
Urine, 24 hr. 0.067 0.0062 0.093 
sample, 1500 0.133 0.0136 0.102 
ml. | 0.20 0.0204 | 0.102 
\ | 0.267 0.0256 0.097 
0.067 + 0.01 y thiamine 0.0170 108 
0.133 + 0.01 ‘ ¥ 0.0233 97 








analysis an aliquot is then diluted so that 1 ml. contains 0.005 to 0.01 y of 
thiamine. Extracts prepared in this manner are usually clear and color- 
less. For slightly turbid or colored extracts an uninoculated tube contain- 
ing the largest amount of the diluted sample can be used to obtain a blank 
correction for the “top” tube. Simple division of this optical density gives 
blank correction values for the other tubes of the sample. 

Table II contains the values and recoveries of added thiamine for three 
widely different samples. There is good agreement at the four levels as- 
sayed and good recoveries of the added vitamin. The addition of 0.01 y of 
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thiamine hydrochloride in a similar manner to twelve other biological 
materials has given recoveries of 101 + 8 per cent. 

The values obtained for some materials are the same whether the sample 
is enzymatically digested or steamed with 0.1 N H»SO, for 30 minutes. In 
others the extraction is not complete without enzymes. The thiamine in 
dehydrated foods, yeasts, etc., is particularly difficult to extract com- 
pletely. Samples of this nature are therefore steamed with 0.1 N H2SO, for 
30 minutes, neutralized to pH 4.5, and digested with enzymes as above. 


TABLE III 


Comparative Thiamine Assays 


Lactobacillus 


Material Jermentuns Other methods (units per gm.) 
Y per gm. Y 
Cereal Product | 6.9 7.0 Thiochrome* 

" 2 oe 10.3 10.5 “ 
Dehydrated pork 28.0 28.6 on ° 
Dried yeast 640 700 Yeast fermentation 

and thiochromet 

White flour, unenriched. . 0.74 0.78 Thiochromet 
Toasted cereal 1.89 1.65 ic Tt 
Wheat germ extract 131 137 = § 

160 Melnick-Field§ 

mg. per gm. me. 

Dried yeast ss 0.92 0.94 Thiochrome$ 
Fortified liver ~ 6.2 8.1 Melnick-Field§ 


We are indebted for the above samples and analyses by other methods to (*) Dr 
C. A. Elvehjem, University of Wisconsin, (t) Dr. C. N. Frey, The Fleischmann Labo- 
ratories, (t{) Dr. J. S. Andrews, General Mills, Inc., and (§) Dr. A. D. Emmett, 
Parke, Davis and Company. 


Values for urines are almost the same whether enzymatically digested or 
merely analyzed after the proper dilution. In general recoveries of added 
thiamine are more consistent if the samples are digested first. 


Results 


In Table III thiamine values obtained with Lactobacillus fermentum are 
compared to those obtained with other assay methods. Samples which 
had been analyzed by yeast fermentation, thiochrome, and chemical meth- 
ods in other laboratories were kindly given to us for analysis by Lactobacillus 
fermentum. In most cases the values agree closely. The values by the 
Melnick-Field method (6) appear high compared both to thiochrome 
and to Lactobacillus fermentum. 

The thiamine values for some foods, tissues, etc., which have been 
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analyzed by use of Lactobacillus fermentum are shown in Table FV. These 
values are in general agreement with figures in the literature for similar 
samples. Recoveries of thiamine added to some of these materials were 
previously shown in Table IT. 





TaBLe IV 
Thiamine Assays by Lactobacillus fermentum 
Material | — | Material | —— 
Y Y 

Rat liver 7.3 White bread, unenriched | 0.47 

muscle | 1.5 «rolls, enriched | 1.85 
Hamster liver 3.5 Egg 0.75, 0.79 

- muscle 1.0 Ham | 7.5, 7.6 
Orange juice* 0.9 Sausage, pork 6.4, 5.5 
Tomato ‘“ 0.35 Veal loaf | 1.0 
Corn 0.23 Hamburger 0.3 
Potatoes 0.5, 0.6 


* Orange juice and the other foods are samples obtained from restaurants. 


SUMMARY 


A microbiological assay procedure for thiamine is proposed, based on the 
growth response of. Lactobacillus fermentum to thiamine. In 16 to 18 hours 
heavy growth is obtained with 0.005 to 0.04 vy of thiamine, but there is no 
response to similar amounts of the “pyrimidine” and “thiazole” halves of 
the thiamine molecule either alone or together or in the presence of thiamine 
or biological extracts. Cocarboxylase is about 30 per cent more active than 
equimolecular amounts of thiamine. 

For assay purposes enzymatic digestion of all samples is recommended 
for complete extraction and conversion of cocarboxylase to thiamine. 

Good agreement of thiamine values of samples assayed at different levels 
and good recoveries of added thiamine have been obtained for many biologi- 
cal materials including foods, animal tissues, and urine. 
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THE ALLANTOIN CONTENT OF BLOOD 
By A. A. CHRISTMAN, PHYLLIS W. FOSTER, ann MARIE B. ESTERER 


(From the Department of Biological Chemistry, Medical School, University of Michigan, 
Ann Arbor) 


(Received for publication, May 31, 1944) 


Although allantoin is considered to be the end-product of purine metabo- 
lism in most mammals except the higher Primates, there are few values in 
the literature for the allantoin content of the blood of such animals. If 
the values obtained by Hunter (1) for the allantoin content of beef and 
hog blood (0.78 and 0.58 mg. per 100 cc., respectively) by an isolation 
procedure are approximately correct, it is obvious that many of the earlier 
methods employed for urine analysis would not be sufficiently sensitive 
for the determination of allantoin in blood. 

Fosse and coworkers (2-4) gave a new impetus to the study of allantoin 
methods by the application of the Rimini-Schryver color reaction for 
formaldehyde to glyoxylic acid which is formed by the hydrolysis of allan- 
ton. The glyoxylic acid is coupled with phenylhydrazine and the hydra- 
zone is oxidized in a strongly acid medium with potassium ferricyanide to 
produce a colored oxidation product, which is measured colorimetrically. 
Allantoin is hydrokyzed by the allantoinase of soy bean meal to allantoic 
acid, which by hydrolysis with acid gives urea and glyoxylic acid. 

Young and Conway (5) have greatly simplified the procedure of Fosse 
and coworkers by the substitution of a short hydrolysis with weak alkali 
at 100° for the tedious enzyme hydrolysis. These workers have also 
reexamined the optimum conditions for the acid hydrolysis of the al- 
lantoic acid to glyoxylic acid and the oxidation of the phenylhydra- 
zone of this compound. In agreement with Borsook (6) it was found that 
the oxidation should be carried out at low temperatures to obtain the best 
results. Young and Conway applied the method to the determination of 
allantoin in urine and were able to use the direct vision colorimeter for 
the colorimetric measurements. More recently (1944) Young and coworkers 
(7) have applied their procedure to the determination of allantoin in blood, 
using either a direct vision or a photoelectric colorimeter. 

In 1942, Esterer (8) in this laboratory applied the general technique 
described above to the determination of allantoin in amounts ranging from 
2.5 to 25 y per 5 cc. of solution. This was made possible by the use of 
the Evelyn photoelectric colorimeter. Filter 520 was found to transmit 
light which was strongly absorbed by the faint pink color produced in the 
final step of the procedure. The time for the maximum color formation 

161 








en ae ICS a a 














162 ALLANTOIN IN BLOOD 


and the rate of fading varied somewhat from that noted by Young and 
Conway for higher concentrations of allantoin. To obtain accurate re- 
sults it was necessary to set up a very carefully timed schedule, so that 
the colors could be read at a definite time interval after the addition of the 
ferricyanide. 

Both Borsook (6) and Young and Conway (5) carried out the oxidation 
of the phenylhydrazone after cooling the tubes containing the glyoxylie 
acid and phenylhydrazine to —10°. In our hands it was found difficult to 
maintain this temperature exactly in different experiments. In some cases 
the contents of the tube froze during the cooling period, and thus delayed 
the time at which the ferricyanide wasadded. For this reason, the procedure 
was modified to the extent that the temperature was adjusted to 0° rather 
than to —10°. Although the color produced per unit of allantoin is slightly 
less by this modification of the method, it was also noted that the rate at 
which the color faded was not as rapid as that obtained at lower tempera- 
tures. Over a range of 2.5 to 25 y of allantoin, the absorption of light by 
the colored oxidation product was in accordance with the Beer-Lambert 
law. 

Rabbit blood, deproteinized with tungstic acid, was analyzed by the 
above procedure and values from 1 to 2 mg. of allantoin per 100 ce. of 
blood were obtained. Recoveries of added allantoin ranged from 99 to 102 
per cent. It was noted, however, that following the alkaline hydrolysis 
the tungstic acid filtrates of some of the bloods had a faint brown color 
which was not obtained with pure allantoin solutions. Since this sug- 
gested the presence in the blood filtrate of some interfering substance or 
substances, a study of such compounds was made by Foster (9) during the 
summer of 1943. Young and Conway have recorded a number of sub- 
stances which give interfering colors. Since their work was concerned 
with the allantoin content of urine, which could be diluted 25 to 50 times 
prior to the analysis, it was thought advisable to check the interference of 
some compounds, the content of which in proportion to the allantoin might 
be greater in blood than in urine. Glucose was one of the compounds 
listed by Young and Conway which did not interfere with the determination, 
although a synthetic urine which contained glucose gave a higher value 
for allantoin than a similar urine from which glucose was omitted. In the 
present work it was found that if 500 y of glucose were carried through 
the procedure for allantoin, a color equivalent to 1 y of allantoin was ob- 
tained. Since 5 cc. of the tungstic acid filtrate of most bloods will contain 
between 400 and 600 y of glucose, and in most cases less than 10 y of 
allantoin, the color contributed by glucose will be a considerable percentage 
of the total color. 

Uric acid was found by Young and Conway to give approximately one- 
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eighth of the color given by an equivalent amount of allantoin. By our 
procedure, 1 mg. of uric acid gives approximately one-third of the color 
given by | mg. of allantoin, while ergothioneine, which is present in 
considerable amounts in some animal bloods, gives one-twentieth of the 
color given by allantoin. The analyses of solutions containing both 
allantoin and uric acid or allantoin and ergothioneine indicate that the 
colors which are produced are additive. It is possible therefore to correct 
for the presence of uric acid and ergothioneine in blood filtrates if the 
amounts of these substances are known. 

Ascorbic acid, pyruvie acid, creatine, or creatinine, in the amounts 
which would be present in blood, does not interfere with the method. 

Reagents— 

1. 0.5 N sodium hydroxide and 0.5 Nhydrochloric acid. Slight variation 
from the above normality is permissible provided the two solutions are 
equivalent. 

2. Phenylhydrazine hydrochloride solution (0.33 per cent). 83 mg. of 
the salt which has been recrystallized from alcohol until it is colorless are 
dissolved in 25 ce. of distilled water. This solution should be colorless 
and may be used over a period of 5 to 6 hours if it is kept in an ice bath 
out of direct light. 

3. Potassium ferricyanide (1.64 per cent). 416 mg. of the salt (reagent 
quality) are dissolved in 25 ce. of water. A fresh solution must be made 
each day. 

4. 10 n hydrochloric acid. 

5. 25 per cent suspension of yeast cells. Two or three yeast cakes 
(Fleischmann’s bakers’ yeast) are suspended in 200 cc. of distilled water 
and transferred to centrifuge tubes. After centrifugation the milky super- 
natant fluid is discarded and the cells resuspended in distilled water and 
again centrifuged. This process is repeated several times until the super- 
natant liquid is perfectly clear. For use, 1 gm. of washed cells is suspended 
in 3 cc. of distilled water. Enough yeast may be washed for 10 days work, 
but the suspension must be kept in the ice box and the cells rewashed daily, 
until the supernatant liquid is clear. Usually one or two washings are 
sufficient after the initial washing. 


Method 


Allantoin prepared by oxidation of uric acid was recrystallized several 
times. The final product had a melting point of 224°, nitrogen content of 
35.3 per cent, and contained less than 0.1 per cent uric acid as an impurity. 
Solutions of this material containing 2.5 to 25 y of allantoin per 5 ce. were 
used to establish the constant K used in the determinations of allantoin in 
tungstic acid filtrates of blood. 
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The steps in the procedure are as follows: (1) In each of four test-tubes 
(15 X 150 mm.), graduated at 13.5 cc., are placed 5 cc. of allantoin solu- 
tion. 5 cc. of distilled water are placed in a fifth tube. (2) 1 cc. of 0.5 Nn 
NaOH is added to each tube and after mixing the tubes are immersed in a 
boiling water bath for exactly 7 minutes. (3) The tubes are then placed 
in a water bath at 18° for 3 minutes. (4) To each tube are added 1.3 ce. 
of 0.6 N HCl and 1 ce. of the phenylhydrazine solution. The contents of 
the tube are again mixed by rotation. (5) The tubes are now immersed in 
a boiling water bath for exactly 2 minutes and at the end of this time are 
immediately placed in an ice bath of sufficient size to insure the rapid 
cooling of the tubes to 0°. The tubes are allowed to remain in the bath for 
5 to 10 minutes. The remainder of the procedure should be carried out 
in close proximity to the colorimeter in order that the color evaluation may 
be made at a definite interval after the addition of. the potassium ferri- 
eyanide. (6) To the first tube (water blank) add 4 cc. of 10 N hydrochloric 
acid that has been previously chilled to 0°. The time at which the hydro- 
chlorie acid is added to the blank tube is recorded as zero time (preferably 
on a stop-watch). At the $ minute interval, the tube is removed from the 
ice bath and at the 1 minute interval 1 cc. of the ferricyanide solution is 
added to this tube. The volume of fluid in the tube is then adjusted to 
13.5 ec. with distilled water and after mixing by inversion the tube is placed 
in a water bath at 20°. At the 2 minute interval, hydrochloric acid is 
added to the second tube and the process is repeated. The fifth tube of 
the series will thus receive the acid at the 8 minute interval and the ferri- 
cyanide at the 9 minute interval. As soon as the fifth tube can be diluted 
to volume (usually 10 minutes, counting from zero time), the contents of 
the first tube (water blank) are transferred to a dry, clean colorimeter tube. 
The tube is placed in the colorimeter (Filter 520) and the transmission ad- 
justed to 100. When the blank tube is removed, the galvanometer read- 
ing usually falls to 73* or 73° (center setting). Since the light transmitted 
through the blank tube changes slightly during the 10 to 20 minute interval 
during which the remaining tubes are read in the colorimeter, it is advisable 
to readjust the colorimeter to the center setting if there is any tendency 
for the galvanometer reading to drift during this period. The remaining 
tubes are placed in the instrument and the maximum absorption recorded. 
Usually this value is obtained in the period of 8 to 11 minutes after the 
ferricyanide has been added. 

By this procedure the K values for a series of concentrations of allantoin 
ranging from 2.5 to 25 y per 5cc. of solution were 0.0317 +0.0004. K=L/C, 
where L = 2 — log galvanometer reading, and C = the micrograms of 
allantoin per 5 ec. of solution. The lowest K values were found for the 
weaker concentrations of allantoin. 
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Comments on Procedure 


Since the volumes of the various reagents used in the method are rela- 
tively small, studies were made to determine whether slight variations in 
the measurement of these solutions would lead to a significant difference in 
the final color value. The results indicated that small differences in the 
volume of the 0.5 N alkali or acid did not affect the final color intensity. 
The color intensity can be measurably decreased or increased, however, if 
the volume of phenylhydrazine solution varies by more than 0.1 ec. from 
that recommended. 

In the directions given by Young and Conway, 3 cc. of concentrated 
hydrochloric acid were recommended to provide the acid reaction suitable 
for the oxidation of the phenylhydrazone. In the course of our studies it 
was found that the color intensity from a given quantity of allantoin was 
greater if 3 cc. of concentrated hydrochloric acid containing 38 per cent 
acid were used as compared to 3 cc. of 35 per cent hydrochloric acid. To 
avoid this source of error, 4 ec. of 10 N hydrochloric acid are recommended in 
the present method. Although the final acidity produced by the addition of 
4cc. of 10N hydrochloric acid is greater than that due to3 cc. of concentrated 
hydrochloric acid (11 to 12 N), the color intensity from a given amount of 
allantoin can be further increased by the use of 4.5 or 5.0 cc. of the 10 N 
acid. The increase in color intensity is not sufficient to compensate for a 
more rapid rate of color development, followed by a more rapid rate of 
fading. ‘The measurement of 4 cc. of 10 N hydrochloric acid should be 
accurate to within 0.1 ce. 

It should also be noted that although the period of hydrolysis with alkali 
could be extended from 7 minutes to 8 minutes,and the period of acid 
hydrolysis increased from 2 to 2} minutes without a further increase in 
color intensity, a decrease in these hydrolysis periods of more than 15 
seconds will lead to low results. 


Determination of Allantoin in Blood 


To 1 volume of blood are added 5 volumes of distilled water and 1 volume 
of washed yeast cells. Incubate at room temperature for 10 minutes. 
Water, 10 per cent sodium tungstate, and 3 N sulfuric acid are now added 
to give a total of 10 volumes, and the solution is filtered. When 5 ce. of 
blood were used, 6 cc. of the 10 per cent sodium tungstate and 6 cc. of the 
3 N H.SO, were used instead of 5 ec. portions of these reagents in order to 
insure the complete precipitation of the protein of both the blood and the 
yeast cells. 5 cc. portions of the tungstic acid filtrate are used for the 
analysis of allantoin as described above. 

To determine whether the method of deproteinization and removal of 
glucose with yeast lead to a loss of allantoin, experiments were made with a 
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20 per cent protein solution prepared from dried egg albumin. 65 cc. por- 
tions of this solution were deproteinized with tungstic acid in the usual 
manner. The analysis of the resulting filtrate for allantoin gave a blank 
value equivalent to 1.6 y of allantoin per 5 cc. of filtrate. Allantoin added 
toa second portion of the protein prior to deproteinization was quantitatively 
accounted for after the deduction of this blank. Incubation of additional 
portions of the protein solution with the yeast cells with or without the 
addition of allantoin indicated that the yeast cells did not add interfering 
materials to the filtrate or destroy any of the allantoin. Glucose added 
to 5 cc. of the protein solution in amounts 2 and 3 times as great as 
that found in an equal volume of blood was completely removed by 5 ce. 
of the yeast cell suspension during the 10 minutes incubation period at 
room temperature. Similar experiments made with animal bloods indi- 
cated that the removal of glucose by treatment with yeast did not inter- 
fere with the determination of allantoin and that allantoin added to such 
bloods could be quantitatively recovered. If one wished to assume that 
most bloods contain approximately 100 mg. of glucose per 100 cc., a cor- 
rection factor of 0.2 mg. of allantoin per 100 cc. of blood could be deducted 
and thus eliminate the treatment with yeast cells. As will be seen from 
Table I, such a correction would represent a large percentage of the total 
allantoin of some bloods. 

Since uric acid and ergothioneine interfere with the method for allantoin, 
a procedure for deproteinization which would remove these substances 
without loss of allantoin would be desirable. Deproteinization by tungstic 
acid does not remove uric acid and ergothioneine, but these latter sub- 
stances can be removed when blood is deproteinized with alkaline solutions 
of zinc, copper, cadmium, or iron salts. Unfortunately, all of these alka- 
line precipitating reagents proved unsatisfactory, since either part of the 
allantoin was lost or undesirable turbidities appeared at some step in the 
subsequent allantoin analysis. 

Since these difficulties could not be overcome, the deproteinization by 
tungstic acid was adopted, and the total ‘‘allantoin color’ obtained on a 
5 cc. portion of this filtrate. Corrections are then applied for the color 
contributed by ergothioneine and uric acid. I[t will be noted in Table I 
that in some bloods these corrections are relatively large and in other 
bloods relatively small. Uric acid was determined by the isolation pro- 
cedure of Folin (10), and ergothioneine by the method of Behre and 
Benedict (11). 

Since the present study was not concerned primarily with the ergo- 
thioneine content of blood but with the ergothioneine content of the tungstic 
acid filtrate of blood, molybdic acid as the protein precipitant, as recom- 
mended by Benedict, was not used. The ergothioneine values in the paper 
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must therefore be considered as minimal if Benedict’s observation that part 
of the ergothioneine is lost by tungstic acid deproteinization (11) is correct. 

Table II illustrates the recovery of allantoin added to blood of various 
animals. In every case the allantoin was added prior to deproteinization 
in such an amount that 5 cc. of the tungstic acid filtrate would contain 
10 y of added allantoin. The original allantoin content given in the 
second column would include uric acid and ergothioneine as well as allan- 


TaBLe I 

Allantoin Content of Various Bloods 
All values are expressed as mg. per 100 ec. of blood. The figures in parentheses 
give the range of values for individual animals. 














| & 
Animal® | & | Total allantoin Uric acid | —Ergothioneine | Corrected allantoint 
bY 
i Lj Sea) re idl 
meg. mg. meg. meg. 
Cow 6 | 2.93 (2.74-3.27) | 0.79 (0.61-0.87) | 1.2 | 2.61 (2.39-2.93) 
Calf | 6 | 2.39 (1.83-3.53) | 0.66 (0.52-0.87) | 1.2 2.11 (1.59-3.22) 
Sheep. 5 | 2.07 (1.52-2.51) | 0.22 (0.20-0.24) 3.8 (2.5- 5.6) | 1.80 (1.25-2.31) 
Rabbitt 5 | 1.79 (1.29-2.17) | 0.23 (0.18-0.28) | 8.7 (6.1-10.0) | 1.28 (0.93-1.71) 
 § 2 | 3.00 (2.67-3.32) | 0.22 (0.19-0.24) | 3.0 (2.9- 3.1) | 2.77 (2.44-3.10) 
Dog 6 1.58 (1.35-1.81) | 0.24 (0.19-0.38) | 13.8 (8.3-18.2) | 0.81 -(0.38-1.30) 
Rat|j 6 | 2.07 (1.63-2.48) | 2.40 (1.5 -3.20) | 2.0 1.15 (0.89-1.67) 
oy 7 | 1.91 (1.45-2.26) | 1.6 (1.3 -2.2) | 2.0 1.28 (0.85-1.65) 
Hog 7 | 0.76 (0.63-1.01) | 0.16 (0.12-0.19) | 7.6 (5.9-11.2) | 0.33 (0.06-0.62) 





* For analyses of horse, chicken, and human blood, consult the text. 

+ The sum of one-third of the uric acid content plus one-twentieth of the ergo- 
thioneine content has been subtracted from the values in the third column, to give 
the figures in this column. 

t These were albino rabbits. 

§ These rabbits were white and black. Both groups of rabbits were fed ad libitum 
on the same diet. A second analysis on the blood of the black and white rabbits 
gave values ef 4.37 and 3.24 mg. of allantoin (corrected) per 100 ec. of blood. 

| Rats in this group were on a high protein diet (30 per cent casein). 

* Rats in this group were on a low protein diet (5 per cent casein). 


toin for most of the bloods. In the case of the chicken and human blood 
the value given is probably due entirely to substances other than allantoin. 
In Table I this value is given in the third column as “total allantoin” color. 
The recoveries of added allantoin range from 98 to 106 per cent, with an 
average value of 102 per cent. If the recoveries from chicken and human 
blood are omitted, the average recovery is approximately 101 per cent. 
It will be noted in Table II that allantoin added to horse, chicken, and 
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human blood could be quantitatively recovered, but allantoin values for 
these bloods do not appear in Table I. It was not expected that human or 
chicken blood would contain allantoin but it was somewhat surprising to 
find that after the total allantoin value for whole horse blood was corrected 
for ergothioneine anti uric acid a negative value for allantoin was ob- 
tained. The total allantoin (range, 0.43 to 0.84 mg.; average, 0.59 mg.) 
for the horse blood is lower than for any of the animals recorded in Table I. 
Since the average uric acid of horse blood was 0.35 mg. per 100 ce., the 
correction for this constituent was relatively small. The ergothioneine 


TaBe II 
Recovery of 10 y of Allantoin Added to Whole Blood 


All values are expressed as micrograms per 5 cc. of tungstic acid filtrate 


Animal Original Total Recovery 

per cent 
Cow 1 13.8 24.2 104 
ao. 14.8 24.9 101 
Sheep 1 7.6 17.9 103 
” 2 10.0 20.0 100 
Rabbit 1 6.5 16.6 101 
" 2. 10.6 20.9 103 
Dog 1... | 6.8 16.6 98 
o 9... 9.0 19.0 | 100 
Horse 1* 2.4 12.6 102 
eat, SOLE 2.2 12.3 101 
Chicken 1*.. 3.0 13.3 103 
-o 2.. 3.3 13.7 104 
Man 1* 1.2 14.8 106 
oi 4.2 14.6 104 


* The greater part of the color obtained by the method when horse blood is an- 
alyzed probably is due to the presence of uric acid and ergothioneine. All of the 
color obtained from human and chicken blood can be explained by their content of 
these two substances. 


values, however, are the highest obtained for any species of blood, ranging 
from 12 to 21 mg. per 100 cc. It seems possible that some substance other 
than ergothioneine is included in this fraction and thus a correction for 
allantoin is being applied that is too high. Evidence for this view was ob- 
tained by the analysis of horse blood plasma. The plasmas of two of the 
six horse bloods were found to contain 0.69 and 0.87 mg. of allantoin per 
100 ec., after a correction was applied for the small amount of known inter- 
fering materials contained in the plasma. Fosse and coworkers (12) re- 
ported 1.28 mg. of allantoin per 100 cc. of horse serum. 

The total allantoin color obtained in human and chicken blood can in 
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most cases be accounted for by the content of uric acid. These bloods also 
contain a small amount of ergothioneine and, after the correction for this 
substance is added to that for uric acid, a negative value for allantoin is 
obtained. The reason for these negative results is unexplained. It is 
possible that the uric acid values are high or that the interference of uric 
acid and ergothioneine is not quantitatively the same in a blood filtrate as 
in pure solution. . 

In the analyses recorded in Table I, the correction for uric acid is rela- 
tively unimportant except in the case of beef and rat blood. Benedict 
and coworkers (13, 14) have shown that beef blood contains combined uric 
acid as well as some free uric acid. The combined uric acid is not precipi- 
tated with ammoniacal magnesia mixture, but no data are available con- 
cerning its precipitation by the acid silver lactate reagent of Folin. Some 
comment may be made on the high uric acid content of rat blood. Blauch 
and Koch (15) have pointed out that the uric acid content of freshly drawn 
rat blood is low but rapidly increases on standing. The tungstic acid 
filtrates in the present work were preparec immediately after a group of 
rats (six or seven) were killed. Some of the bloods were probably not de- 
proteinized for 1 to 1} hours after withdrawal, while others were deprotein- 
ized within 30 minutes. The level of uric acid found, however, does not 
closely parallel the periods of standing at laboratory temperature. Re- 
gardless of the uric acid content, the corrected allantoin values are as con- 
sistent as those for any other animal studied. The allantoin of the blood 
of rats on a high protein diet was essentially the same as for those on a low 
protein diet. 

Little comment is necessary concerning the results recorded in Table I. 
For the herbivorous animals, the level of allantoin in blood is only slightly 
lower than the uric acid level of human blood, if the uric acid analyses are 
made by methods which give the true uric acid. The only allantoin 
figures recorded in the literature to which these results can be compared © 
are those of Young and coworkers (7), and Fosse and coworkers (12). 
The former found from 0.82 to 1.11 mg. of allantoin per 100 ec. of dog blood 
and somewhat less than half of this amount in the blood of the Dalmatian 
coach hound. ‘The blood of three cats contained 1.09, 2.4, and 3.17 mg. of 
allantoin per 100 cc. The values for dog blood are somewhat higher than 
our corrected values. The blood of one cat was analyzed in the present 
study, before the interference of uric acid, glucose, and ergothioneine was 
appreciated, and a value of 2.0 mg. per 100 ce. of blood was obtained. Un- 
fortunately, cats were not available when the later studies were made. 

Fosse and coworkers (12) analyzed the serum rather than the whole 
blood of various animals and the results expressed as mg. per 100 cc. of 
serum, with the number of animals given in parentheses, are as follows: 
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cows (six) 1.07 to 2.22, calves (five) 1.54 to 2.65, horse (one) 1.28, sheep 
(one) 1.92, hogs (three) 1.24 to 1.83. The values for cattle and sheep 
agree fairly well with corrected values for the whole blood of these animals, 
The hog serum values are distinctly higher than those obtained by us on 
whole blood. The two horse plasmas which were analyzed by us have a 
somewhat lower content of allantoin than the 1.28 mg. reported in Fosse’s 
work. : 

Since it appears that the work on this problem must be suspended for an 
indefinite period, several questions of interest must remain unanswered. 
The higher levels of allantoin noted in the blood of two black and white 
rabbits (Table I) as compared with pure albino rabbits should receive 
further study. It would also be of interest to study the distribution of 
allantoin between the plasma and red blood cells of the various species of 
animals. A method which would permit the quantitative separation of 
allantoin from other blood constituents prior to the analysis would be 
desirable. Preliminary attempts to remove allantoin as the mercuric salt 
from tungstic acid filtrates gave values for allantoin which were from 60 
to 70 per cent of the corrected values given in the present paper. 


SUMMARY 


A method for the determination of allantoin in blood is described. The 
method depends upon the formation of glyoxylic acid by the hydrolysis of 
allantoin. The color obtained by the oxidation of the glyoxylic acid 
phenylhydrazone with ferricyanide in strongly acid medium is estimated 
in a photoelectric colorimeter. 

Glucose, uric acid, and ergothioneine are constituents of blood which 
are known to interfere with the method. Glucose is removed by yeast 
treatment prior to deproteinization, and corrections are applied for the 
presence of uric acid and ergothioneine. 

Values for the allantoin content of 50 blood samples which include beef, 
sheep, rabbit, dog, rat, and hog blood are presented. Of this group the 
lowest content of allantoin was found in hog blood (0.33 mg. per 100 ce.), 
while the highest content was consistently found in adult beef blood (2.61 
mg. per 100 ec. of blood). 


We wish to express our indebtedness to the Horace H. Rackham School of 
Graduate Studies for financial assistance given during the course of this 
work. We also gratefully acknowledge the cooperation of Dr. C. F. Huff- 
man, and Dr. C. W. Duncan of Michigan State College for their assistance 
in obtaining many of the animal bloods used in this study. Thanks are 
also due to Dr. W. M. Cahill of Wayne University Medical School for a 
sample of pure ergothioneine. 
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THE MEASUREMENT OF ARGINASE ACTIVITY 


By ANDREW HUNTER anp CLARENCE E. DOWNS 


(From the Department of Pathological Chemistry, University of Toronto, Toronto, 
Canada) 
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The chief object of this paper is to present certain improvements"ID 
Hunter and Dauphinee’s method (1) for the measurement of arginase 
activity. Incidentally we describe a procedure for the concentration and 
partial purification of arginase, and report some observations upon its 
activation by cobalt. 

In principle the method of Hunter and Dauphinee consisted in determin- 
ing the amount of urea produced by a known volume of the arginase-con- 
taining solution acting, for a given time and under certain defined condi- 
tions, upon a known quantity of arginine, and referring this to a standard 
curve showing the empirically ascertained relation between urea production 
(under the chosen conditions) and quantity of enzyme. The same prin- 
ciple had been used already by Edlbacher and Réthler (2). 

Continued use of the method has revealed certain defects in the original 
prescription. (a) No care was taken to provide that, whether in the prepa- 
ration of the reference curve or in the testing of an unknown, the volume of 
the enzyme-substrate mixture (and therefore the concentration of the 
arginine) should be always the same. (6) The action of the enzyme was 
measured in a phosphate mixture at a pH (8.4) at which the buffering effect 
of phosphate is very slight. (c) The unit of arginase activity was defined 
from a point of the reference curve so near the origin that its exact location 
was largely guesswork. (d) The crude jack bean extract, employed as a 
source of urease, contained itself, as subsequently discovered by Heller- 
man and Perkins (3,4), enough arginase to introduce an appreciable error 
into the determination. 

Revising the method in the light of these considerations we have (a) 
adopted for all arginine-buffer-arginase mixtures a uniform volume of 8 ml., 
with a final arginine concentration of 0.02225 m, (b) substituted for phos- 
phate a phosphate-phenolsulfonate mixture of the same pH and the same 
total buffer concentration, (c) redefined our arginase unit, and (d) replaced 
the excess of crude jack bean extract originally employed by an adequate 
but not unnecessarily large amount of a partially purified urease. In 
addition we have thought it advisable (e) to purify to some extent the 
arginase used in the construction of the standard curve and (f) to acti- 
vate it fully with cobalt. 
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Buffer Solution—The buffer solution now used has the following com- 
position: 0.5 m sodium p-phenolsulfonate 50 ml., m KH:PQ, 25 ml. 
2 Nn NaOH 15.6 ml., water to 100 ml. This solution is 0.5 m in total buffer 
concentration, and has a pH of 8.4. 

Unit of Arginase Activity—The unit of arginase activity we now define 
as one-tenth of that amount of arginase, which, under standard conditions 
(as defined later), liberates urea equivalent to 2.5 mg. of nitrogen. Upon 
the curve relating enzyme quantity to action (Fig. 1) the accurate location 
of the 2.5 mg. point presents no difficulty. On the original curve of 
Hunter and Dauphinee (1) this point, as it happens, corresponds to exactly 
10 units of arginase. We have satisfied ourselves that the change in com- 
position of the buffer is without appreciable effect upon the activity of the 
enzyme. The new and more precise method of defining the unit leaves 
its magnitude, therefore, unaltered. 

Preparation of Suitable Urease Solution—The preparation of a urease 
absolutely devoid of argininolytic properties appears to be a difficult 
matter, but the following procedure will usually give a product suitable 
enough for the purposein view. Jack bean meal, 100 gm., is extracted with 
500 ml. of water, and the centrifuged extract is treated with 8 volumes of 
acetone. The precipitate is collected by centrifugation, dried over H.SO,, 
and ground to a fine powder. This is again extracted, this time with 
400 ml. of water, and the processes of precipitation, drying, and grinding 
are repeated, to yield finally 20 to 25 gm. of powder. For use 0.5 gm. of 
this powder is dissolved in 100 ml. of 60 per cent glycerol. 1 ml. of this 
solution should decompose in 1 hour at room temperature urea equivalent 
to 9 to 10 mg. of nitrogen. Coincidental action upon arginine should be 
negligible. To test the latter point we determine the amount of ammonia 
nitrogen liberated during 1 hour at room temperature by the action of 1 ml. 
of the urease solution upon a mixture of 2 ml. of buffer solution, 5 ml. of 
3 per cent arginine hydrochloride solution, and 1 ml. of 0.04 per cent cobalt 
nitrate. Although this mixture contains 4 times the standard amount of 
arginine, the yield of ammonia nitrogen ought not to exceed 0.02 mg. By 
way of contrast it may be reported that 1 ml. of a crude urease solution, 
prepared according to the directions of Schmidt (5), has been found to yield 
under similar conditions as much as 0.4 mg. 

Preparation of Partly Purified Arginase Concentrate—The enzyme solu- 
tion used in preparing the original standard curve of reference was a suitably 
diluted crude liver extract. We have replaced this by a solution containing 
a smaller proportion of inert material, and, with other purposes in view, 
we find it convenient to combine partial purification with concentration. 
A fresh baby beef liver is drained as completely as possible of blood, and 
minced. 1 kilo of the moist product is stirred for 10 minutes with 1 liter 
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of water. The mixture is transferred to a flask, submerged in a bath of 
water at 65°, and stirred gently until the mass reaches a uniform temperature 
of 58°. After being maintained at this temperature for 5 minutes, the 
mixture is rapidly cooled and centrifuged. A measured volume, say 800 
ml., of the supernatant is treated with 1.2 volumes of acetone. The 
resulting flocculent precipitate is separated as quickly as possible by cen- 
trifugation, and drained of adherent liquid. It is then taken up in 400 
ml. (0.5 volume) of water, and stirred or shaken until as much as possible 
has gone into solution. Undissolved material is removed by centrifuga- 
tion, and the clear supernatant is mixed with 1.2 times its volume of acetone. 
Again the mixture is rapidly centrifuged, the second acetone precipitate is 
treated like the first, and its clarified solution is subjected to a third pre- 
cipitation. The third precipitate is centrifuged off and transferred to a 
vacuum desiccator. The desiccator is evacuated step by step, until all 
the acetone and most of the water have been evaporated. The residual 
waxy paste is then ground up thoroughly with 75 per cent glycerol in one- 
tenth of the initial volume (80 ml.). The turbid reddish brown solution 
thus obtained will contain at least half of the arginase originally present, 
so that the concentration of the enzyme will have been increased 5 times 
or more. Different preparations have contained, after full activation by 
cobalt, from 500 to 900 or more units per ml. The degree of purification 
attainable may be exemplified by one instance, in which the number of 
arginase units per mg. of N rose from 21 in the crude liver extract up to 73 
in the final product. 

A concentrate prepared in the way described and preserved at 10° will 
retain its original activity almost unimpaired for a year. Diluted with 
water it forms a milky suspension from which there gradually separates a 
more or less copious flocculent precipitate of water-insoluble protein. This 
precipitate carries down with it a part of the enzyme, so that the clear 
supernatant is only 85 to 90 per cent as active as the whole suspension. 
On the other hand the supernatant has a slightly higher ratio of arginase 
to nitrogen. 

Activation of Arginase Solutions—The activity of arginase solutions or 
suspensions prepared from liver is increased by treatment with certain 
metals, such as manganese (6) or cobalt (3, 4, 7). This activation, like 
that of intestinal peptidase by manganese (8), is a time reaction. This is 
shown by such experiments as the two recorded in Table I. 

In Experiment 1, 0.3 ml. of an arginase concentrate was mixed with 
14 ml. of water at 37°. The dilute suspension was divided into two equal 
portions, A and B, each of which was thenceforward kept at 37°. To 
Portion B was added 0.05 ml. of a 2 per cent solution of anhydrous cobal- 
tous nitrate. As soon thereafter as possible the first activity determina- 
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tions were started with 1 ml. portions, first of Portion A and then of Portion 
B. Other determinations were commenced 10, 20, 60, and 180 minutes 
later. The technique of these determinations was that prescribed later, 
and involved an action period of 30 minutes. 

Experiment 2 differed in that the original diluted suspension (not the 
same as that of Experiment 1) was centrifuged, and ‘only the supernatant 
solution was treated with cobalt. Such treatment, it may be noted, leads 
to the gradual formation, in the originally clear mixture, of a fairly bulky 
precipitate. A part of the total active enzyme is adsorbed on, or otherwise 
incorporated in, this precipitate. The activities recorded in the present 
experiments are those of the whole mixture, precipitate included. 


TABLE I 


Influence of Time on Activation of Arginase by Cobalt at 37° 





Time at Portion A, without cobalt Portion B, with cobalt 
oer Nature of argin- th meg i 
No. | #S¢ Preparation determina- Urea N | Activity my Urea N Activity Spoaren 
tion found indicated activity found indicated “activity 
| min meg. —_ Per | per cent me ee | per cent 
1 Suspension 3 | 2.0383 7.1 2.424 9.4 +32.4 
13 2.033 7.1 0.0 2.568 10.4 +46.4 
23 1.996 | 6.9 | —2.8| 2.704 | 11.4 | +60.5 
63 1.976 6.5 —4.3 2.874 12.85 | +81.0 
183 1.866 | 6.2 —12.7 | 3.013 14.1 +98.5 
2 | Supernatant | 3 2.063 7.3 | 2.369 | 9.1 | +24.7 
18 | 2.026 | 7.05 —3.4 | 2.623 10.8 +48.0 
63 1.967 | 6.8 —6.8| 2.818 | 12.4 | +69.8 
183 l 3 


902 | 6.4 | —12.4 


3.011 14.1 +93.0 


The time intervals, as given in Table I, are reckoned from the instant 
at which cobalt was added to Portion B of the enzyme solution. They 
define only the moments of sampling. The measured activities cannot be 
taken as the actual activities at these precise moments, for it can hardly 
be doubted that activation (or inactivation), unless already maximal, pro- 
gressed appreciably during the 30 minutes required for each determination. 
This inherent ambiguity does not affect the general conclusions to be 
drawn from the data, (1) that in the absence of cobalt the diluted enzyme 
is gradually destroyed, and (2) that in the presence of the metal its activity 
progressively increases. Independent observations of similar import, but 
with manganese as activator, have been made by Archibald! at the Hospital 
of the Rockefeller Institute. Dr. Archibald found that at 50° maximal 
activation is attained in as little as 20 minutes. This we have since ascer- 
tained to be true for cobalt activation also. Evidence to that effect will 


! Archibald, R. M., private communication. 
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be found in Table II, which incorporates the results of various experiments 
in which different dilutions of one arginase concentrate (the same as that 
of Table 1) were exposed to the action of cobalt for various times at 20°, 
37°, or 50°. In these experiments (the first with Preparation 4 excepted) 
the concentration of cobalt was 2.5 times greater than in the previous ones. 
From the results it appears that at 20° maximal activation requires more 
than 48 hours, at 37° more than 3 but not more than 24 hours, and at 50° 
not more than 20 minutes. It is also shown that the activated enzyme, in 


TaBLe II 


Cobalt Activation of Arginase at Various Temperatures 

















Diluted arginase preparation Time with Activity 
Temperature | cobalt ___ 7 =| Increase of 
Preparation ’ at given Initial With activity 
No Nature | temperature — | cobalt | 
°C | hrs units per mi. units per ml, per cent 
20 3 Supernatant | 24 6.8 | 12.6 85 
3 = 48 6.8 13.3 96 
37 oe a 3 6.8 14.0 106 
4 | Suspension | 3 7.3 15.0 105 
4 5 3 7.3 15.4 111 
3 Supernatant | 24 6.8 14.9 119 
min 
50 oe) a 20 6.8 15.1 122 
3 te 20* 6.8 15.3 125 
puny “ | 20 7.35 16.3 122 
5 Suspension | 20 8.25 18.5 124 
6 | Supernatant | 20 7,1 15.7 121 
7 4 20 6.75 15.0 122 
7 | 30 6.75 15.0 122 
7 ” 40 6.75 14.9 121 





* Followed by 24 hours at 37°. 


contrast with the unactivated, is very stable, withstanding without loss 
exposure to 50° for 20 minutes more or to 37° for 24 hours. 

We have mentioned already that, when a clear centrifuged solution of 
arginase is treated with cobalt, a part of the enzyme is precipitated in 
active form. At 50° this part amounts, we find, to 20 to 30 per cent of the 
total activated enzyme. Thus, for example, 5 ml. portions of the three 
cobalt-treated mixtures which appear last in Table II (with total activities 
of 15.0, 15.0, and 14.9 units per ml.) were centrifuged, and the precipitate 
in each case (not wholly free from adherent liquid) was redispersed in 
5 ml. of 0.05 per cent cobalt nitrate. The activities of the supernatants 
were then found to be respectively 11.1, 11.15, and 11.0 units per ml., those 














178 MEASUREMENT OF ARGINASE ACTIVITY 


of the precipitates 4.6, 4.05, 4.3 units per ml. It will be seen that the whole 
activity was recovered in the sum of the two fractions, and that, in this 
instance, the proportion remaining in solution was 74 per cent. In other 
instances it has been as high as 80 and as low as 71 per cent. 

Preparation of Diluted and Activated Arginase Solution—For the con- 
struction of the standard reference curve one requires an arginase solution 
containing from 16 to 20 units of enzyme per ml.; that is to say, a solution, 
of which 1 ml., acting under standard conditions (as defined later) upon a 
standard amount of arginine, will liberate between 3.25 and 3.5 mg. of 
urea nitrogen. Such a solution is obtained by appropriate dilution of any 
glycerol concentrate. If the potency of the latter and its behavior upon 
activation are unknown, the dilution required, which may vary between 
15- and 40-fold, will have to be ascertained by trial. The process of dilu- 
tion is conveniently combined with that of activation. For the latter we 
have adopted the conditions recommended by Archibald.' The procedure 
is accordingly as follows: 

1 ml. of the concentrate is mixed with the required amount of water. 
A 5 per cent solution of anhydrous cobalt nitrate is added at the rate of 
0.06 ml. for each 10 ml. of the mixture. This is enough to insure maximum 
activation and an optimum concentration of cobalt in the final digest. 
The mixture is now set in a water bath at 50° and left there for 20 minutes. 
The floceulent precipitate, which separates, is centrifuged off, and only 
the clear, practically colorless supernatant is made use of. This may be 
only 60 to 70 per cent as active as the uncentrifuged mixture, for the 
centrifuge removes not only the originally suspended arginase (10 to 15 
per cent of the whole) but also that precipitated by cobalt (20 to 30 per 
cent of the remainder). The homogeneity of the product is an obvious 
counterbalancing advantage. It may be added that centrifugation re- 
moves not only active enzyme but also some inert nitrogenous material, 
for in the final supernatant the ratio of arginase to nitrogen is greater than 
in the original concentrate. In one instance it rose from 52 to 64 units 
per mg. of nitrogen, and in another it even reached 100. 


Construction of Standard Reference Curve 


Reagents— 

Dilute arginase solution, as described in the preceding section. 

Arginine hydrochloride, 1.875 per cent solution in the 0.5 m phosphate- 
phenolsulfonate buffer mixture of pH 8.4 already described. 2 ml. of this 
solution contain 9.975 mg. of nitrogen and will yield therefore a maximum 
of almost 5 mg. of urea nitrogen. 

Urease solution, 0.5 per cent in 60 per cent glycerol. The preparation 
of, and specifications for, this solution have been given earlier. 
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Hydrochloric acid and sodium hydroxide solutions, each about 2 N. 

Phenol red indicator solution, 0.05 per cent. 

Standard acid, standard alkali, and indicator as required for the micro- 
titrimetric determination of ammonia. 

Procedure—Into each of ten Van Slyke-Cullen urea tubes are measured 
2 ml. of the buffered arginine solution. To these tubes, numbered con- 
secutively, there are further added 5.9, 5.8, ...5.1, and 5.0 ml. of water. 
Into an ordinary test-tube are put a few ml. of the arginase solution. All 
the tubes are then set in a thermostat at 37°. 

When the tubes have reached the temperature of the bath, 0.1 ml. of 
the arginase solution is transferred to Tube 1, the contents are rapidly 
mixed, and the time is noted. To Tubes 2 to 10 there are added in the 
same way at exactly measured convenient intervals 0.2, 0.3, ... 0.9, and 
1.0 ml. respectively of arginase. It will be remarked that the total volume 
of each completed mixture is the same, namely 8 ml. The concentration 
of arginine in each is 0.02225 m. 

To each tube in turn, about 29 minutes after the addition of the arginase, 
there is added a drop of phenol red indicator. Exactly upon the 30th 
minute the tube is removed from the thermostat, and treated with as many 
drops of 2 nN HCl as are required to turn the indicator bright yellow. 
The action of the arginase having been thus inhibited, the contents of the 
tube are boiled, until the protein present has been completely coagulated. 

The tubes having been cooled, each is treated drop by drop with 2 N 
NaOH, sufficient to give a just perceptibly pink color (pH about 6.8). 
To each is added finaily 1 ml. of the urease solution. This is allowed to 
act at room temperature for 1 hour, and the urea determinations are com- 
pleted in the usual way. The results are to be corrected by a control, in 
which a mixture of 2 ml. of arginine-buffer solution and 6 ml. of water, 
adjusted to a pH of about 6.8, is treated with urease in the same way as the 
principal mixtures. 

A graphical representation of the results enables one to estimate the 
volume of arginase solution, which would give exactly 2.5 mg. of urea 
nitrogen. This volume contains, by definition, 10 units of the enzyme. 
On this basis the ml. of arginase solution are translated into units of 
arginase. The final reference curve is plotted accordingly, with mg. of 
urea nitrogen as ordinates and arginase units as abscissae. The curve 
thus obtained is reproduced in Fig. 1. In spite of the many extra precau- 
tions taken in its preparation, it differs but little from the original curve of 
Hunter and Dauphinee. 

In the interest of accuracy it is best to restrict the use of the curve to 
the part between 1.25 and 3 mg. of nitrogen (3.5 to 14 units) of arginase. 
With higher yields of nitrogen the flattening out of the curve increases the 
significance in arginase units of any given error in the urea determination. 
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With lower yields the same absolute error becomes an unduly large frag. 
tion of the true value. 

Measurement of Arginase Activity—The reagents required are thoge 
listed in the preceding section, with the exception, of course, of the dilute 
arginase solution. The place of the latter is taken by the solution of which 
the activity is to be determined. This will usually have to be diluted, 
For fresh liver extracts a 10-fold dilution will generally be about right; for 
concentrates a 20-fold or even a 100-fold dilution may be necessary. The 
correct proportion can be ascertained only by trial. 

The procedure is as follows: Into one urea tube are measured 2 ml. of the 
arginine-buffer solution; into another, serving as a control, 2 ml. of plain 
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Fig. 1. Standard reference curve for measurement of arginase activity 


buffer solution. To each there are added 5 ml. of water. Both tubes are 
then set in the thermostat at 37°, along with a test-tube containing some 
of the solution of which the arginase activity is to be tested. 

As soon as it is certain that the tubes have attained the temperature of 
the bath, 1 ml. of the enzyme solution is transferred (a) to the arginine 
tube and (b) to the control. The time of each addition is noted. From 
this point both tubes are treated in the manner described in the preceding 
section, so that the contents of each are acidified and boiled exactly 30 
minutes after the addition of the enzyme, then neutralised, and submitted 
to a urea determination. The main result, corrected by the control, 
should fall between 1.25 and 3 mg. of urea nitrogen. If it is outside these 
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limits the process should be repeated with a more appropriate dilution of 
the original enzyme solution. When an acceptable result is obtained, it 
is referred to the standard curve, from which one may read directly the 
number of arginase units in the 1 ml. of diluted enzyme solution used. 


SUMMARY 
Details are given of an improved method for the measurement of arginase 
activity. 
A procedure is described for the concentration and partial purification 


of liver arginase. 
The activation of arginase by cobalt is shown to be a time reaction. 


BIBLIOGRAPHY 


. Hunter, A., and Dauphinee, J. A., J. Biol. Chem., 85, 627 (1929-30). 

Edlbacher, S8., and Réthler, H., Z. physiol. Chem., 145, 69 (1925). 

. Hellerman, L., and Perkins, M. E., J. Biol. Chem., 112, 175 (1935-36). 

Stock, C. C., Perkins, M. E., and Hellerman, L., J. Biol. Chem., 125, 753 (1938). 
. Schmidt, E. G., J. Biol. Chem., 78, 53 (1928). 

. Klein, G., and Ziese, W., Klin. Wochschr., 14, 205 (1935). 

. Hellerman, L., and Stock, C. C., J. Biol. Chem., 126, 771 (1938). 

. Smith, E., and Bergmann, M., J. Biol. Chem., 138, 789 (1941). 


o-3I & oe oc 8 











~~ en 


~~ 
—— ora en ase. 
EFIn ASS gee ee 
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Very limited information is available at the present time on the quanti- 
tative amounts of the essential aliphatic amino acids in various dietary 
constituents. Since the reports of Rose et al. (1, 2) on the qualitative re- 
quirements for eight amino acids, there has been much interest in the re- 
investigation of the amino acid composition of proteins. Chemical 
methods have not usually been satisfactory for determining the amino 
acid content of foods directly, since the fat and carbohydrate present 
interfere with the chemical methods employed. 

The use of Lactobacillus arabinosus in our laboratory as a test organism 
for vitamin analyses prompted us to investigate the adaptability of this 
organism to the amino acid analysis of foods. Methods of hydrolysis of 
animal tissues have been studied and it has been found that the leucine 
and valine content of the hydrolysates can be determined directly. 


EXPERIMENTAL 


The composition of the basal medium and the amounts of each constitu- 
ent per tube are shown in Table I. Glucose, sodium acetate, and the 
amino acids are weighed out separately for each series of determinations. 
The other ingredients of the medium are kept as stock solutions preserved 
under toluene, in a refrigerator, when not in use. The following solutions 
are prepared as suggested by Snell and Wright (3): adenine, guanine, and 
uracil solution, riboflavin solution, and inorganic salts, Solutions A and B. 
The biotin (free acid) solution is adjusted with distilled water to a concen- 
tration of 0.1 y per cc. The thiamine, calcium pantothenate, and pyri- 
doxine solution is prepared by dissolving the vitamins in distilled water 
and diluting to a concentration of 100 y of each per cc. of solution. Nico- 
tinic acid and p-aminobenzoic acid solutions are prepared in a similar 
manner. Stock solutions of leucine and valine standards are prepared 
separately at a concentration of 1 mg. per cc. in distilled water. 

The procedure for preparing the basal medium for leucine or valine assay 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by a grant from the National Live Stock and 
Meat Board. 
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is as follows: Approximately 100 cc. of distilled water are added to the 
correct amounts of the amino acids, the mixture is warmed, and a small 
amount of 2 N hydrochloric acid is added to effect solution. After this 
solution is cooled, appropriate amounts of each of the other constituents 
are added. After neutralization (bromothymol blue indicator) the entire 
medium is adjusted to volume, for example to 500 cc. for 100° tubes, so 
that 5 cc. of medium are added to each assay tube. For the construction 
of the standard curve 0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, and 5.0 ec. of amino 
acid standard solution are used per tube. ‘Triplicate determinations are 


TABLE I 


Basal Medium for Valine and Leucine Assay with Lactobacillus arabinosus 


Constituent beng Constituent jemy= 

gm me. 

Glucose. 0.2 l(+-)-Glutamie acid 4 

Sodium acetate 0.2 l-Asparagine 4 
Y l(+)-Lysine monohydro- 

Thiamine chloride 2 chloride 2 

Ca pantothenate 2 dl-Threonine 2 

Pyridoxine. 2 dl-Valine* 2 

Riboflavin { dl-Isoleucine 2 

Nicotinic acid 2 dl-a-Alanine 2 

p-Aminobenzoic acid l l(—)-Cystine 1 

Biotin. .. 0.002 | '(—)-Leucine* 1 

Adenine, guanine, uracil See text | d/-Methionine 1 

dl-Phenylalanine. ] 


Inorganic salts 
l(+-)-Arginine monohydro- 


chloride 0.5 
l(+)-Histidine monohydro- 

chloride 0.5 
l(—)-Tyrosine 0.4 
l(—)-Tryptophane 0.4 


The amino acids were purchased from Merck and Company, Inc 
* Appropriate amino acid omitted from the basal medium 


made at the six lower levels and duplicate determinations at the three 
higher levels of amino acid. Assay tubes for these standards are prepared 
each time from the stock solutions described above, these being prepared 
at a concentration of 25 y per cc. for L-leucine and 50 y per cc. for dl-valine. 

Duplicate tubes at three levels of hydrolysate concentration are used 
routinely. The volume of medium in each tube is adjusted to 10 ec. by 
the addition of distilled water. The tubes are plugged with cotton, auto- 
claved for 10 to 15 minutes at 15 pounds pressure, and cooled. 
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To prepare the inoculum, a transfer of Lactobacillus arabinosus is made 
from the stock culture (grown on yeast-dextrose-agar) to a tube of pre- 
viously prepared medium. After incubation for 18 to 36 hours at 37°, the 
cells are centrifuged down and the liquid is decanted. The cells are sus- 
pended in approximately 10 cc. of isotonic saline solution, and the assay 
tubes are inoculated aseptically with a drop of the saline suspension. The 
tubes are incubated at 37° for 72 hours and the growth response is measured 
by titrating the entire contents of each tube with 0.1 N sodium hydroxide, 
bromothymol blue being employed as the indicator. Typical standard 
curves for leucine and valine are shown in Figs. 1 and 2. 

The animal tissues used for amino acid analysis were prepared by 
thorough grinding and mixing to assure homogeneity. The samples were 
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Fig. 1. Typical standard curve obtained for dl-valine. 
Fig. 2. Typical standard curve obtained for I-leucine. 


then stored in dark colored bottles in a cold room at —4°. The percentage 
of nitrogen in the samples was determined in duplicate by the Kjeldahl 
method and the protein content of the tissues was calculated by multiplying 
by 6.25. 

A detailed study of hydrolysis methods was carried out to establish a 
suitable procedure to give maximum liberation of the amino acids. The 
effect of acid concentration and length of time of hydrolysis was investi- 
gated. In each case a 1 gm. sample of fresh tissue was hydrolyzed with 
25 cc. of reagent. After hydrolysis the samples were adjusted to a known 
volume, filtered, and a suitable aliquot was neutralized and diluted to 
100 cc. preparatory to amino acid analysis. 

Treatment with hydrochloric acid resulted in more rapid hydrolysis than 
with sulfuric acid at the same normality, a result which is in agreement 
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with the work of Vickery (4) on purified proteins. The effect of time of 
hydrolysis on the amounts of leucine and valine liberated is shown in 
Fig.3. The following hydrolysis procedures were found to give satisfactory 
results: autoclaving at 15 pounds pressure per sq. in. for 5 to 10 hours 
with 2 N hydrochloric acid, refluxing for 24 hours with 2 or 4 N hydrochloric 


oa 
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AMOUNT OF AMINO ACID UBERATED 





2 i. OP RP 1 
TIME OF HYDROLYSIS (HOURS) 


Effect of time of hydrolysis of a sample of fresh veal tissue autoclaved with 
Curve 1, the amount of leucine liberated, 


Fic. 3. 
2 Nn HCl at 15 pounds pressure per sq. in 
expressed as the per cent of leucine in the fresh tissue; Curve 2, the amount of valine 


liberated, expressed as the per cent of valine in the fresh tissue. 


TaBe II 
Leucine and Valine Content of Fresh Muscle and Organ Tissue and Muscle and Organ 
Tissue Prote in 


All values are given in per cent. 


line Tar) . 
Tissue epi, | Protein | in‘resh | Valli ines | Voi 
Pork t 15.1 0.79 5.3 1.09 7.3 
Veal 5 21.0 1.11 5.3 1.54 7.3 
Lamb 6 17.7 0.85 1.8 1.44 8.1 
Beef 2 19.1 0.96 5.0 1.47 7.7 
* liver 2 19.9 1.23 6.2 1.67 8.4 
kidney 2 14.6 0.78 5.3 1.15 7.9 
heart l 16.1 1.01 6.3 1.35 8.4 
brain.. 2 10.7 0.51 1.8 0.79 7.4 
tongue l 16.0 0.79 1.9 1.23 7.7 
acid, and refluxing for 24 hours with 5 Nn sulfuric acid.. Autoclaving for 


5 hours with 2 N hydrochloric acid was used for all subsequent assays. 
Shorter periods of refluxing were not investigated. Recoveries of added 
leucine and valine were employed to check the stability of these amino 
acids during the hydrolysis procedures. 
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The percentage of /-leucine and /-valine in several samples of pork, veal, 
lamb, and beef tissues has been determined. The results in each case are 
calculated on the basis of 100 per cent activity for the / isomer and 0 per 
cent for the d isomer; 7.e., 50 per cent for the dl mixture. These results 


are shown in Table IT. 
DISCUSSION 

The constituents of the basal medium, except for the amino acids, are 
similar to those used by Snell and Wright (3) save for an increase in the 
glucose and sodium acetate content (Krehl et al. (5)). Adenine, guanine, 
uracil, and the inorganic salts are added in the concentrations suggested 
by Snell and Wright, but the vitamin levels have been increased in some 
eases. The amino acid mixture is similar to that reported by Shankman 
(6). No attempt was made to establish the exact levels of all of the amino 
acids which are necessary to support maximum growth. It will be noted 
that slight differences occur in the amino acid composition of the basal 
media used by various workers. Variations in the purity of the amino 
acids used, or differences in strains of Lactobacillus arabinosus, may account 
for differences in the amino acid requirements reported for this organism. 

The maximum growth obtained with Lactobacillus arabinosus on the 
synthetic medium used in this work is similar to that obtained on a casein 
hydrolysate when tryptophane and cystine are added. The curves ob- 
tained for leucine and valine are similar to those reported by Kuiken eé¢ ai. 
(7). Similar microbiological procedures have been reported by Shankman 
(6), Hegsted (8), and MeMahan and Snell (9). Serine and proline were 
added to the basal medium and no increase in titrations was observed. 
These amino acids were accordingly omitted from the basal medium. 

Excellent checks were obtained at different levels of sample regardless of 
the portion of the standard curve represented by the titrations obtained. 
A few representative assays are shown in Table III. Duplicate analyses 
usually checked within 5 per cent and all values were checked within 10 
per cent. Recoveries of valine and leucine were carried out with the 
earlier experimental work on hydrolysis and occasionally with later assays. 
Twenty determinations of the recovery of valine averaged 101 per cent; 
range, 87 to 112 per cent and twelve for the recovery of leucine averaged 
103 per cent; range 94 to 118 per cent. 

In preliminary work a dl-leucine standard was used. Comparisons of 
different samples of di-leucine showed that a variation in activity was ob- 
tained. A sample of J-leucine and three different di-leucine standards 
were compared; the d/ isomers were found to have from 33 to 41 per cent 
activity rather than the theoretical 50 per cent activity. Since three 
samples of di-leucine exhibited less than 50 per cent activity as compared 
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to the lisomer, each sample was tested for moisture by drying it over 
phosphorus pentoxide for 6 hours at 100°, and 0.1 mm. pressure. No 
detectable loss in weight occurred. The lisomer and a new dl-leucine 
sample gave identical standard curves; therefore, no further attempt was 
made to find out why the older dil isomers were less than 50 per cent as 
active as the lisomer. It is very likely that they were contaminated with 
other amino acids, as has been observed by Hegsted and Wardwell (10). 

A dl-valine standard was used throughout the experimental work and 
three di-valine standards were found to possess the same activity for 


TasBie III 


Detailed Analysis of Animal Tissues 


l-Valine l-Leucine 





Ge le a . a | ' ’ : . 

am} ~~“ a te Cpesiptet Valine in al Fitsation yen Leucine 

per tube | NaOH) per tube — | per tube NaOH) per tube | = omy 

ml mil y per oni ml ml Y per an 

Beef round 1 3.4 14.5 | 0.97 l 4.5 19.0 1.27 
l 3.3 14.0 | 0.94 l 4.7 21.0 1.40 

2 5.6 29.0 | 0.97 2 7.4 43.0 1.43 

| 2 5.5 28.0 | 0.94 2 7.5 | 44.0 1.46 

3 7.4 13.0 0.95 3 9.6 | 59.0 1.31 

3 7.5 44.0 0.98 3 9.4 57.0 | 1.2% 

Average.. | | 0.96 | 1.36 
Beef liver l 3.7 | 16.0 | 1.06 / 1 5.1 23.0 | 1.58 
l 3.8 | 17.0 1.13 1 | 5.3 | 25.0 | 1.66 

2 6.0 32.0 | 1.06 2 8.5 | 53.0 | 1.76 

2 6.2 | 33.0 1.10 2 8.5 53.0 | 1.76 

3 8.1 49.0 | 1.09 3 | 1.1 85.0 1.88 

3 7.9 | 48.0 | 1.06 3 10.6 78.0 | 1.78 
pat Ris : Rarer * Tae? Pre ree ew wer ara L 
Average. . .| | 1.08 1.72 


Lactobacillus arabinosus. A sample of /-valine' and the di standard were 
compared and the di isomer was found to have 50 per cent activity; 
therefore, all values for /-valine were calculated on the basis of 50 per cent 
activity for the di mixture. These observations suggest that di isomers, 
when used as standards, should be checked against the pure / isomer when- 
ever possible in experimental work of this type. 

The results in Fig. 3 show that very rapid increases in the amounts of 
leucine and valine liberated occur during the first 2 hours of hydrolysis 
under the conditions used. Slight additional increases were observed in 


! Kindly supplied by Merck and Company, Inc. 
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the period from 2 hours to 5 hours, but no further change occurred in 10 
hours of autoclaving. Similar hydrolysis studies have been reported with 
purified protein hydrolysates by Hess and Sullivan (11), Vickery (4), and 
MeMahan and Snell (9). -Kuiken e¢ al. (7) and Hegsted (8) refluxed pro- 
tein samples with 5 N sulfuric acid and 6 N hydrochloric acid, respectively, 
for 24 hours. No mention was made as to criteria for completeness of 
hydrolysis, but these procedures should give satisfactory results. 

The adaptability of microbiological methods to the determination of 
amino acids in fresh tissues greatly simplifies amino acid determinations. 
Furthermore, the results are obtained on the foods directly, and the amounts 
of leucine and valine in the crude material need not be calculated from 
amino acid values obtained on isolated proteins as has customarily been 
done when chemical methods of analysis are employed. The possibility 
that some amino acids are lost when the water-soluble nitrogenous con- 
stituents are discarded is also eliminated. The water-soluble fraction ob- 
tained in the preparation of meat protein has been estimated by Beach 
et al. (12) to contain from 8 to 14 per cent of the total nitrogen. 

Preliminary results indicate that satisfactory results are obtained when 
leucine and valine are determined directly on cereal and legume hydrol- 
ysates. Hydrolysis of the crude material may not be applicable to the 
satisfactory determination of some of the other amino acids. The neces- 
sity of studies of the conditions of hydrolysis used in developing adequate 
procedures for the determination of amino acids in crude materials cannot 
be overemphasized. 

The values obtained for valine are somewhat higher than those reported 
by Block and Bolling (13), who employed chemical methods of determina- 
tion. They report 0.7 per cent valine in fresh meat (calculated from 
protein analysis) and 3.4 per cent valine in the muscle protein, whereas we 
found an average of 0.93 per cent valine in fresh beef, veal, lamb, and pork 
muscle and 5.1 per cent in the muscle protein. The amount of leucine 
reported by Block and Bolling was 2.4 per cent in fresh meat and 12.1 per 
cent in the muscle protein. In this case our results were lower, since an 
average of 1.4 per cent leucine was found in the muscle tissue and 7.6 per 
cent in the muscle protein. It can readily be seen (Table II) that the per- 
centage of valine and leucine in the fresh tissues varies with the protein 
content, but the amino acid composition of the protein is relatively con- 
stant. This has also been shown to be true for several other amino acids 
by Beach et al. (12). 

Purified casein was also investigated and Table IV presents a comparison 
of the results together with values from the literature. Since more ex- 
tensive information is available for casein than for most other proteins, a 
critical comparison can be made of the results obtained by several workers. 
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It is recognized that the analyses were made on different samples of casein; 
however, the wide variations emphasize the importance of proper standard- 
ization of hydrolysis procedures and methods of amino acid analysis. 


TABLE IV 


Leucine and Valine Content of Casein 


Amino acid Method of analysis Results | Reference 
per cent ce 
Leucine Chemical 9.7 Foreman (14 
” 7. 9.35 | Van Slyke (15 
10.5 Abderhalden (16) 
“ " 14.8 Block and Bolling (17) 
Microbiological 9.6 Present work 
“ 9.27 | Kuiken et al. (7) 
4 7.36 Hegsted (8) 
Valine Chemical 7.93 Foreman (14) 
™ a §.2 Block and Bolling (17) 
| Microbiological 6.2 Present work 
™ - 6.25 Kuiken et al. (7) 
“ 6.6 McMahan and Snell (9) 
aj 5.0 Hegsted (8) 


SUMMARY 


Satisfactory standard curves are obtained for leucine and valine on a 
synthetic amino acid medium when Lactobacillus arabinosus is used as the 
test organism. 

Results of hydrolysis studies show that fresh muscle tissues can be 
hydrolyzed directly for leucine and valine analysis without preliminary 
removal of fat, moisture, and water-soluble constituents. 

Satisfactory hydrolysis of animal tissues was obtained by autoclaving 
with 2 Nn HCI for 5 to 10 hours. 

Fresh muscle tissues contain an average of 0.93 per cent valine and 1.4 
per cent leucine. Muscle and organ tissue proteins contain an average 
of 5.3 per cent valine and 7.7 per cent leucine. 
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MECHANISM OF PRODUCTION OF VITAMIN K DEFICIENCY IN 
RATS BY SULFONAMIDES 
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(Received for publication, May 29, 1944) 


The use of sulfonamides in purified diets of rats has resulted in the pro- 
duction of vitamin deficiencies. The first identified deficiency thus induced 
was that of vitamin K produced by sulfaguanidine and succinyl sulfa- 
thiazole and was reported by Black et al. (1). It was plausible to postulate 
that this deficiency was a result of the inhibition by the sulfonamides of 
bacterial synthesis of vitamin K in the intestinal tract. It is known that 
coliform organisms produce vitamin K in vitro (2) and that the feces of rats 
on a vitamin K-free ration contain vitamin K (3). Sulfaguanidine and 
succinyl sulfathiazole reduce the coliform count in the feces of rats (4). 
p-Aminobenzoic acid, which antagonizes sulfonamide bacteriostasis, was 
also shown to prevent the production of vitamin K deficiency by sulfa- 
guanidine (1). 

Recently ether data (5, 6) have been reported which support this hypo- 
thesis of sulfonamide inhibition of intestinal bacterial synthesis of vitamin 
K. We (5) have shown that sulfapyrazine, sulfadiazine, and sulfathiazole 
are more effective than sulfaguanidine, succinyl sulfathiazole, and sulfa- 
nilamide in producing vitamin K deficiency and that this order of effective- 
ness of these sulfonamides approximates the order of their bacteriostatic 
potency against intestinal coliform organisms as reported by White (7). 
In addition it was observed (5) that factors such as absorption, utilization, 
and alteration of requirements of vitamin K did not appear to be significant 
elements in the production of vitamin K deficiency by these sulfonamides. 
Day et al. (6) found that cecectomy increased the incidence of vitamin K 
deficiency in rats fed diets containing succiny] sulfathiazole. 

Certain evidence has been presented by Black ef al. (1) which they 
interpret to be inconsistent with the hypothesis limiting the sulfonamide 
action to the intestinal tract. These workers found that p-aminobenzoic 
acid even when administered parenterally antagonized the vitamin K de- 
ficiency produced by sulfaguanidine. They reasoned, therefore, that this 
sulfaguanidine action ‘‘cannot be explained on the basis of changes in in- 
testinal flora alone, but may be due to a toxic action . . . on certain tissues of 
the rat, which is counteracted by p-aminobenzoic acid.” They concluded 
that the exact mode of action of sulfaguanidine is, therefore, obscure. 
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i 

ri The present study was undertaken to gather more evidence concerning 
A | . the mechanism of production of vitamin K deficiency by sulfonamides, 
i) We have confirmed the findings of Black et al. (1) that parenterally ad- 
i ministered p-aminobenzoic acid prevents the development of vitamin K 
H ; deficiency but in addition we have found that p-aminobenzoic acid so ad- 
4 ministered appears in high concentrations in cecal contents. Thus the 
7 findings of Black ef al. do not necessarily conflict with the hypothesis of 
i sulfonamide inhibition of intestinal bacterial synthesis of vitamin K. In 
4! . addition new and more direct evidence is presented here in support of this 
it hypothesis. 

i Methods 

i Methods 

| The techniques and diets used here were generally the same as those pre- 
. viously described (5). Weanling, albino rats were fed a purified control or 
i . experimental diet. The diets were identical except that, in the experi- 
Bf mental, | per cent of the dextrose was replaced by an equal weight of the 
ee sulfonamide drug. 
it 7 Prothrombin time was determined by a micromethod on whole blood from 
ot the tail. The ‘‘prothrombin level’? was derived by dividing the average 
ye prothrombin time of a group of control rats by the prothrombin time of the 
experimental rat; the result was multiplied by 100 and expressed as a per 
if cent. The term hypoprothrombinemia was applied only to those rats 
Hl whose “prothrombin levels” had fallen below 30 per cent. 
. Determinations of sulfadiazine were by the method of Bratton and 
ay Marshall (8) with a photoelectric colorimeter. Blood determinations were 

made on blood obtained by decapitation or by a micromethod (9) on 0.02 


eerie 


ec. of tail blood. Cecal contents were homogenized with 200 cc. of water in 
Te a Waring blendor for 5 minutes and then made up with vigorous shaking to 
| a volume of 500 cc. containing 100 ec. of 15 per cent trichloroacetic acid. 
Determinations were made on the clear filtrates and concentrations were ex- 
pressed on a wet weight basis. The water fraction of cecal contents was 


generally from 75 to 85 per cent. 

p-Aminobenzoic acid was assayed by the microbiological method of 
Landy and Dicken (10) on cecal contents dried for 10 hours at 80° and pow- 
dered.! The test organism was Acetobacter suboxrydans. Only free p- 
aminobenzoic acid was determined. The dried cecal contents were ex- 
tracted with hot water in preparation for the assay. The microbiological 
method was preferred to diazo chemical methods because the latter were 
not sufficiently sensitive for the entire range of values. 

The technique for the assay of vitamin K activity of crude material has 
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been described previously (5). The responses of hypoprothrombinemic rats 
to a sample of feces or cecal contents were compared with responses of 
similar rats to doses of pure vitamin K. ‘‘Increases”’ over the pretreatment 
“prothrombin levels” of 60 per cent or more, of 20 to 60 per cent, and of less 
than 20 per cent were considered to represent the following respective de- 
grees of vitamin K (2-methyl-1,4-naphthohydroquinone diacetate) ac- 
tivity: 5 y or greater, 2 to 4 y, and less than 2 y. Aliquots of a suspension 
of feces or cecal contents gave similar values in different rats. Feces were 
collected and frozen daily. Cecal contents were removed from a rat sacri- 
ficed by decapitation and used immediately for assay purposes; in a few 
instances they were frozen and used later. The materials were suspended 
in water and administered by stomach tube. Prothrombin determinations 
were made immediately before and 24 hours after administration of the 
assayed material. 

Sodium sulfadiazine in an aqueous solution containing 10 gm. per 100 cc. 
was administered subcutaneously each day at a dose level of 0.5 mg. per 
gm. of body weight. p-Aminobenzoic acid in a neutralized solution con- 
taining 0.1 or 1.0 gm. per 100 cc. was administered subcutaneously each day 
at levels of 5 or 50 y per gm. of body weight. 


Results 


Hypoprothrombinemia and hemorrhage were produced by the daily 
subcutaneous administration of sodium sulfadiazine and this effect was pre- 
vented by p-aminobenzoic acid also administered subcutaneously (Table I). 
p-Aminobenzoic acid at a dose level of 50 y per gm. of body weight almost 
completely antagonized the development of the vitamin K deficiency. 

The production and prevention of vitamin K deficiency by parenterally 
administered agents does not exclude the intestinal tract as a locus of these 
actions. This is shown by a study of the concentrations of sulfadiazine and 
p-aminobenzoic acid in the cecal contents of rats injected subcutaneously 
with these agents. 

Sulfadiazine determinations (Table II) were made of the cecal contents 
of rats injected daily with sulfadiazine (0.5 mg. per gm. of body weight) 
and of rats ingesting diets containing from 0.25 to 1.0 per cent sulfadiazine. 
It was found that sulfadiazine concentrations in the cecal contents of the 
injected rats were of the same general order as those found in rats ingesting 
a diet containing 0.5 per cent sulfadiazine and the incidence of vitamin K 
deficiency was similar in both groups. In rats with low concentrations of 
sulfadiazine in the cecum, vitamin K deficiency did not appear, but in rats 
with high concentrations of sulfadiazine in the cecum, vitamin K deficiency 
was noted in most cases. Thus in a group of seven rats with cecal sulfa- 
diazine concentrations under 110 mg. per 100 gm., none developed hypo- 
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TasLe I 


Production of Vitamin K Deficiency by Sodium Sulfadiazine Administered 
Subcutaneously and Prevention by p-Aminobenzoic Acid 
Administered Subcutaneously 

















~ Average 
: a Lowest “prothrombin levels’’* | °,/owest 
Type of diet 3 reached by individual rats thrombin 
7 | levels’ 
per cent per cent 
Control diet + sodium sulfadiazine,0.5 mg. | 10 | 4, 4,4, 16, 25,38,39,53, | 35 
per gm. body weight 67, 97 
. . . *. - i — « - Oo | i 
Control diet + sodium sulfadiazine,0.5mg. | 5 | 20, 83, 85, 88, 96 75 


per gm. body weight + 5.0 y p-amino- | 
benzoic acid per gm. body weight 
Control diet + sodium sulfadiazine,0.5mg. | 5 | 81, 83, 88, 96, 97 89 


per gm. body weight + 50.0 y p-amino- 
benzoic acid per gm. body weight 


Experimental diet containing 1% sulfa- | 5 | 8, 11, 12, 14, 19 13 
diazine ney 

Experimental “ “ 1% sodium | 5 | 4, 4, 10, 13, 26 ll 
sulfadiazine 


° Determinations were made at 1, 2, and 3 weeks. Litter mates were used in this 
9 
exper iment. 


Taste Il 


Concentrations of Sulfadiazine in Cecal Contents and Blood 


} 
Sulfadiazine (free)* | 


No. of rats with 


lo» | concentrations in Sulfadiazine (free)* - 
, = | cecal contents (wet concentrations in blood | hypoprothrombi- 
Type of diet - weight basis) jnemia (“‘prothrom- 
| 3S | | bin level” = 
PY -e . a <30 per cent) 
| % Average Range Average Range 
Ie 8 
' yy oe . » se 
0.25% sulfadiazine 5 | 76 64— 103 16 16-16 0 
0.50% “ | 4 | 138 | 43-245| 32 27-34 ) 
0.75% sg 3} 704 522- 868 43 41-44 2 
} | 
1.0% 7 ....| 10 | 1609 | 1160-1850 | 48 34-54 10 
Control diet + sodium 
sulfadiazine subcu- | 
taneously (daily), | 
0.5 mg. per gm. body| 
weight.... | 5 126 | 104— 155 35 30-46 2 





* Determinations were made from 2 to 4 weeks after the start of the experiment. 





prothrombinemia. Of twenty-five rats, with sulfadiazine concentra- 
tions over 110 mg. per 100 gm. twenty developed hypoprothrombinemia. 
The other five rats had the following concentrations of sulfadiazine in their 
cecal contents: 118, 129, 147, 245, and 723 mg. per 100 gm. 
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The concentration of p-aminobenzoic acid (subcutaneously admin- 
istered) in the cecal contents was determined in rats on a control diet 


Taste III 
Estimation of Free p-Aminobenzoic Acid in Cecal Contents 
The values are given in micrograms per gm. (dry weight).* 








\Rats injected daily for 10 days with | Rats injected daily for 10 days with 
Control ratst | p-aminobenzoic acid, 5 per gm. | p-aminobenzoic acid, 50 y per gm. 
| body weight body weight 
0.144 | 7.1 31.2 
0.408 6.8 20.2 
0.216 | 7.3 17.0 
0.168 | 7.5 19.8 











* Stool moisture content varied from 77 to 84 per cent. 
t Four groups of three litter mates were used in this experiment. Lieutenant M. 
Landy, Army Medical School, performed the p-aminobenzoic acid assays. 

















Tasie IV 
Vitamin K Activity of Feces and Cecal Contents 
| | “a | 
| 3 om : 9 Approximate 
Type of diet | ~~ - Ty | ° | rats bolore ond after estministetion vitamin Kt 
| a | assayed ¢ of test material* material assayed 
Control | Feces 1/10 of 5| 3 | Before | 8, 12, 12 | >50 y (for to- 
| day | | After | 94, 100, 86 | eal 5 Gay 
sample | | sample) 
1/20 of 5| 2 | Before | 11, 25 
day | After | 78, 108 
sample 
Experi- ~ | Total 5| 8 | Before | 19, 19, 20, 5,6,6, | <2 y (for to- 
mental} | day | 7, 21 | tal 5 day 
| sample| After | 37, 26, 53, 15,6, | sample) 
| | | 14,31, 11 
Control Cecal 4 of to- | 4 | Before 15, 19, 27, 27 | >12y (for to- 
contents! tal | After | 51, 51, 78, 84 | tal cecal 
| contents) 
Experi- Cecal | Total 5 | Before | 25, 20, 23, 10,17 | <2 y (for to- 
mentalt contents After | 27,15, 27,12,8 | tal cecal 
contents) 











* Values from the same individual rats are tabulated in the same order on the 
“Before” and “‘After’’ lines. 

t 2-Methyl-1,4-naphthohydroquinone diacetate. 

t The experimental diet contained either 1 per cent sulfapyrazine or 1 per cent 
sulfadiazine. 


(Table III). A daily parenteral dose of 5 y per gm. of body weight resulted 
in a 30-fold increase in the concentration of p-aminobenzoic acid in the 





————— 
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cecal contents, while a dose of 50 y per gm. of body weight increased the 
p-aminobenzoic acid concentration in the cecum about 100-fold. 

Vitamin K activity of feces and cecal contents was assayed on hypo- 
prothrombinemic rats. The responses of these rats were compared with 
those of rats given known amounts of pure vitamin K. A large difference 
was found between the vitamin K activity of feces of rats on sulfonamide 
diets and those of rats, usually litter mates, on the control diets (Table 
IV). The total feces for 5 days obtained from each of eight rats on ex- 
i perimental diets gave responses of less than 2 y of vitamin K activity in 


ee gg Pe em 


seven cases and a response of 2 to 4 y in one case. Similar values were 
obtained from two rats with hypoprothrombinemia due to subcutaneously 
injected sulfadiazine. When the total feces for 5 days of these two rats 
were fed to hypoprothrombinemic rats with ‘‘prothrombin levels” of 13 and 
11 per cent, responses to levels of 56 and 17 per cent respectively were 
., obtained. This indicates 2 to 4 y of vitamin K activity in one rat and less 
than 2 y in the other. 5 day fecal samples from control rats of similar 
age and weight were found to contain more than 50 y of vitamin K activity. 





- 

i 4 Wet and dry weights of fecal samples from experimental and control rats 
f ; were of the same order of magnitude. 
Bi : Since vitamin K synthesis may occur in feces at room temperature during 
ft . intervals between daily collections and refrigeration, vitamin K assays were 
Fi? made of cecal contents. Comparable rats on experimental and control 


diets were sacrificed. Cecal contents of four control rats each showed about 
12 y of vitamin K activity; those of five rats on a deficiency-producing, 
sulfonamide diet each possessed no demonstrable vitamin K activity or 
less than 2 y. One rat injected subcutaneously with sulfadiazine also had 
less than 2 y of vitamin K activity in its cecal contents. 


Ae 
a 


DISCUSSION 


The vitamin K activity of cecal contents (or collected feces) was very low 
in rats with vitamin K deficiency produced by the oral or parenteral 
\ administration of sulfonamides. The results obtained show that the cecal 
: contents of such vitamin K-deficient rats possess no demonstrable vitamin 
K activity or less than 2 y, while the cecal contents of control rats possess 
12 y or more of vitamin K activity. This finding points to the inhibition 
of intestinal bacterial synthesis of vitamin K as an important factor in the 
production of vitamin K deficiency by sulfonamides. 

This hypothesis for the mechanism of production of vitamin K deficiency 
by sulfonamides is further supported by other data presented here. The 
production of vitamin K deficiency by orally or parenterally administered 
sulfadiazine was found to be definitely related to the sulfadiazine concentra- 
tion in the cecal contents. It was also observed that p-aminobenzoic 
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acid injected subcutaneously appeared in significant amounts in the 
cecum and prevented the production of a vitamin K deficiency by sub- 
cutaneously administered sulfadiazine. The known antagonism of sulfa- 
diazine bacteriostasis by p-aminobenzoic acid provides a plausible basis 
for the action of p-aminobenzoic acid in preventing vitamin K deficiency. 

We have reported previously on the parallelism between the order of 
bacterial potency of a series of sulfonamides and the order of their ef- 
fectiveness in production of a vitamin K deficiency (5). It was also re- 
ported by us that factors of absorption, utilization, and altered requirements 
of vitamin K did not appear to be significant elements in the production of 
a vitamin K deficiency by sulfonamides. Day et al. (6) noted that cecec- 
tomy facilitated the development of a vitamin K deficiency in rats fed 
succinyl sulfathiazole diets. These findings are all in keeping with those 
presented at this time. 

It should be pointed out that the mechanism of production of other 
vitamin deficiencies by sulfonamides may not be the same as that con- 
sidered here for the production of a deficiency of vitamin K. 


SUMMARY 


1. The cecal contents and collected feces of rats with vitamin K de- 
ficiency produced by sulfonamides showed either very slight or no vitamin 
K activity. The cecal contents and collected feces of control rats possessed 
much greater vitamin K activity. 

2. Sulfadiazine administered subcutaneously resulted in a vitamin K 
deficiency. The production of the deficiency by orally or parenterally 
administered sulfadiazine was closely related to the concentration of 
sulfadiazine in the cecal contents. 

3. p-Aminobenzoic acid administered subcutaneously antagonized the 
vitamin K deficiency produced by subcutaneously administered sulfa- 
diazine. p-Aminobenzoic acid injected into rats on a control diet appeared 
in the cecum in significant concentrations. 

4. These findings together with other available data indicate that the 
inhibition of intestinal bacterial synthesis of vitamin K is the dominant 
factor in the production of vitamin K deficiency in rats by the sulfonamides 
used in these studies. 
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RESPIRATION IN THE ORANGE 
A STUDY OF SYSTEMS RESPONSIBLE FOR OXYGEN UPTAKE 
By A. AZIZ HUSSEIN 


(From the Division of Fruit Products, College of Agriculture, University of California, 
Berkeley) 


(Received for publication, March 23, 1944) 


In a study of respiration in the orange (Citrus sinensis) an attempt has 
been made to determine the type of oxygen-absorbing system present in the 
various tissues of the orange fruit, with particular emphasis on the flavedo. 
Oranges were classified as a peroxidase fruit by Onslow (1). Recently 
Davis (2) prepared peroxidase extracts from the different tissues of the 
navel orange and reported highest values in the flavedo. Qualitative tests 
with guaiacol and benzidine have confirmed this observation. In the 
present study, measurements of oxygen uptake by the Warburg technique 
show that a system resembling cytochrome oxidase is involved. Dehydro- 
genase-like activity, as measured by methylene blue reduction, has also 


been studied. 
Methods 


Respiration measurements were made with the customary Warburg 
manometer and conical reaction flasks. The Qo, or c.mm. of O2 consumed 
was calculated on the basis of 1 mg. of dry weight per hour. The oranges 
were supplied by the Citrus Experiment Station at Riverside. Weekly 
samples were received from the same tree and stored at 0°. The fruit was 
washed with cold water, adhering water removed, and the tissue desired 
removed witha sharp blade. Flavedo samples were taken from the middle, 
to avoid tissue with a greenish tint. Cross-sections with a thickness of 
approximately 0.7 mm. were made by free-hand slicing. The sections were 
rinsed with distilled water' before transference to the Warburg vessels 
which contained 2 ml. of 0.2 m phosphate buffer. The samples weighed 
200 mg. when fresh, containing about 50 mg. of dry weight. 

Dehydrogenase activity was studied by methylene blue reduction in 
Thunberg tubes. The juice was prepared by mincing the sample, freezing 
and thawing, grinding with sand in a mortar, and finally pressing in a hand 
press. The juice was mixed then with infusorial earth and filtered through 
asbestos. The clear juice was decolorized with norit A, and again filtered. 
The clarified juice was kept under toluene at 0°. The final volume in the 
tubes was 2 ml., consisting of 0.2 ml. of 0.02 per cent methylene blue, 


' The distilled water in these solutions was redistilled once in Pyrex. 
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0.5 ml. of the clarified tissue juice, and 1.3 ml. of 0.2 m potassium phosphate. 
The tubes were evacuated for 1 minute with a Nelson pump and allowed to 
stand for 20 minutes to reach room temperature before mixing. A tube 
containing all the reagents after decolorizing was used for comparison, 
As the reaction was found to be catalyzed by light, the reduction period was 
measured under artificial light with a 75 watt Mazda lamp. 


EXPERIMENTAL 


The respiratory quotient was 
In six determinations, 


Determination of Respiratory Quotient 
determined in 0.2 m phosphate buffer of pH 5.0. 
the average was 1.33 at the start and 1.09 after 2 hours. 
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Fic. 1. Comparative activity of different tissues. Curve A, flavedo tissue; 


Curve B, albedo tissue; Curve C, juice sacs; Curve D, carpellary membranes. 
Fig. 2. Effect of size of flavedo section on oxygen uptake. Curve A, 3 mm.; 
Curve B, 6 mm.; Curve C, 12 mm. in diameter. 


General Characteristics of System. The Sample—Flavedo sections 
prepared in the same manner, but obtained from different locations on the 
orange, showed different oxygen uptake, with highest activity near the 
stem end, and lowest near the blossom end. Qo, values were 1.35, 1.17, 
and 0.92 respectively. Variability among oranges is of considerable 
magnitude, ranging from 1.60 to 2.10 for twelve navels and 1.10 to 1.55 for 
twelve Valencias taken at random. Maturity, elapsed time, and the 
uncontrollable variables are doubtless responsible for this. Comparative 
activities for the different tissues are shown in Fig. 1 for navels. In each, 
the flavedo has the highest and the carpellary membranes the lowest 
activity. An increase was noted in oxygen uptake with decreasing size, 
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but similar trends were obtained for the values taken at comparable time 
intervals (Fig. 2). Although decreasing the length of the cross-sections 
resulted in an increase in Qo,, the activity was lost if the tissue was finely 
ground with sand. 

Washing—When flavedo sections are washed in running water, their 
activity decreases gradually and finally ceases completely after 24 hours. 
When the tissues were washed for 24 hours with mechanical stirring and 
with a stream of air passing through the liquid, between 30 and 40 per cent 
of the initial activity was retained. 

To determine whether this difference in activity is associated with 
fermentation, flavedo sections were left in the Warburg vessels for 22 hours 
under an atmosphere of purified nitrogen. An average Qco, of 1.66 for the 
first 3 hours was observed. The original Qo, was 1.33. After fermentation 
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Fic. 3. Effect of pH on the oxygen uptake of flavedo. Curve A, Ist hour; Curve B 
2nd hour. 


was allowed to continue for 22 hours, the value for Qo, dropped to 0.16 
e.mm. for the Ist hour and no further oxygen uptake was observed after 
2 more hours. 

Heat—When flavedo sections were heated for 2 minutes in boiling water 
or buffer, neither the tissue alone nor the fluid showed any oxygen uptake. 
Heating was also conducted in an atmosphere of purified nitrogen, but the 
power of oxygen uptake was lost. 

Effect of pH—The pH of the expressed juice of both flavedo and albedo 
tissues ranges from 4.9 to 5.4. When the oxygen uptake of flavedo sections 
was determined at different pH values between pH 3.0 and 7.0, an optimum 
near pH 5.0 was observed for both varieties. Above pH 7, the oxygen 
uptake remains relatively constant, but rises slightly near pH 8 (Fig. 3). 

Effect of Substrates. Catechol—To establish the presence or absence of 
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polyphenolase in the flavedo, the effect of catechol was determined at the 
natural pH, 5.1, and at pH 8.15. The side arm of the flasks contained 
0.2 ml. of 1 per cent catechol in aqueous solution. The initial oxygen 
uptake of the tissue was determined for 30 minutes before the catechol was 
tipped into the flasks. This caused no increase in the oxygen uptake at 
either pH. 

Ascorbic Acid—The oxygen uptake of flavedo tissue in the presence of 
2 mg. of ascorbic acid per ml. was compared with aqueous solutions of 
ascorbic acid at the same concentration, at different pH values (Table I). 
To ascertain whether ascorbic acid is partially oxidized, an extract was 
prepared by the method of Krishnamurthy and Giri (3). 1 ml. of extract 
was added to 1 ml. of buffer of pH 6.75, containing 5 mg. of ascorbic acid. 
The pH was 6.3 after the material was mixed. A buffer at this pH with 
the same quantity of ascorbic acid was used for comparison. The control 
vessels consumed 192 c.mm. of oxygen in 45 minutes, while there was 


TaBLe | 
Oxygen Uptake by Flavedo with Ascorbic Acid 


C.mm. oxygen consumed per 100 mg. dry weight 


pH = - — 
lg ae go 
Ascorbic acid control Flavedo control Flavedo = ascorbic 
a : ‘cena 
8.05 242 116 177 
6.50 177 140 159 
5.00 126 149 142 


none in the presence of the extract, indicating apparently complete protec- 
tion of the ascorbic acid. 

p-Phenylenediamine—Experiments were conducted in phosphate buffer, 
pH 6.5; the side arm contained 0.2 ml. of a solution of the reagent (1.92 
mg.) in 0.1 m buffer in 50 per cent alcohol. A blank contained the same 
reagents without the tissue. Autoxidation was negligible, about 5 ¢.mm. 
per hour. At the end of the experiment, both tissue and fluid were blue, 
and a 3-fold increase in oxygen uptake was observed. After 1 hour, 
p-phenylenediamine was added to one flask which had received none at 
the beginning. An increase in the oxygen consumption was also observed 
(Fig. 4). 

The effect of p-phenylenediamine on the Qo, of the heated tissue, which 
had been boiled for 2 minutes, and on ground flavedo tissue was then 
determined. Oxygen consumption by the boiled tissue was similar to that 
of the blank, while the ground tissue, which did not consume oxygen in 
other experiments, gave values comparable with those of intact tissue 
alone, and the fluid was blue. The results are shown in Table IT. 
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Experiments were also conducted to test the effect of the dye in the 
presence of potassium cyanide. In. the presence of cyanide (0.01 m) 
neither tissue nor fluid became blue, and inhibition was about 75 per cent 
(Table III). The sensitivity to cyanide did not change when the test 
was repeated over an 8 week period. 

Cytochrome c—The addition of 0.4 ml. of reduced cytochrome c solution, 
prepared from ox heart (4), to flavedo sections at pH 8, 6.5, and 5.0 caused 
an increase in oxygen uptake in all cases (Fig. 5). Cytochrome c is not 
autoxidized at these pH values and no blank, the cytochrome alone, 


was needed. 


Tass II 
Oxygen Uptake by Flavedo with p-Phenylenediamine 














wilh C.mm. oxygen Loe per 100 mg. 
Experiment 1 Experiment 2 
ND cine tana te. ose pens bee sk sesh 128 98 
a We MNO hc a conc tc roasnns tues 378 248 
ea arr Pug weumme oes sib edoall 0 0 
“ “ with dye..... hac dd 123 97 
Boiled, with dye...... ; _ | 0 0-5 








TaBLe III 
Effect of Cyanide on Oxygen Uptake with p-Phenylenediamine 





C.mm. oxygen consumed per 100 mg. dry weight 























~ Flavedo | Flavedo with dye | _Flavedo with dye and cyanide 
Aatieeds: +attetitel 
107 320 81 
79 





108 294 


Hydroquinone—Hydroquinone was added at the beginning and also 
during the course of the experiment. The side arm contained 0.2 ml. of 
0.1 m aqueous hydroquinone. In neither case was an increase in uptake 
or brown discoloration noted. In three determinations, with and without 
hydroquinone, the average values after 2 hours at pH 7.0 were 0.77 and 
0.75 respectively, and 0.66 and 0.61, when added after 1 hour. The 
oxidation of hydroquinone is catalyzed by cytochrome oxidase, and is 
a function of both the oxidase and cytochrome ¢ (5). Since the hydro- 
quinone was not oxidized, one may infer the absence of cytochrome c. 

Other Possible Substrates—The following substances were also tested: 
0.1 m solutions of malic, citric, and succinic acids, orange oil, citral and 
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limonene, citrin, riboflavin (with and without tissue dialysis), and glucose, 
fructose, maltose, galactose, and sucrose. None of these showed any 
effect on oxygen uptake by the flavedo, with the possible exception of 
succinic acid, for which a slight increase, about 10 per cent, in the Qo, 
was observed. 

Effect of Inhibitors. Potassium Cyanide—Cyanide has an inhibitory 
effect ranging from 80 per cent at 10-? m to 8 per cent at 10-* mM at pH 5.0, 
indicating a residual respiration of about 20 per cent (Fig. 6). It was also 
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Fie. 4. Effect of p-phenylenediamine on oxygen uptake in flavedo. Curve A, 
tissue alone; Curve B, with p-phenylenediamine added after 60 minutes; Curve C, 
with p-phenylenediamine added at the start. 

Fie. 5. Effect of added cytochrome c on oxygen uptake. Curves A and A, at pH 
8.0, without and with cytochrome; similarly Curves B and B, at pH 6.5; also Curves C 


and C, at pH 5.0. 
Fia. 6. Effect of cyanide concentration on oxygen uptake of flavedo (pH 5.0). 


found that the extent of inhibition depends on the pH, being about 80, 
75, and 50 per cent at pH values of 5.0, 6.5, and 8.0 respectively. 

Hydrogen Sulfide—To determine the effect of hydrogen sulfide, the 
tissues were allowed to respire for 1 hour in phosphate buffer at pH 5.1, 
containing 0.01 m sodium sulfide. About 0.2 ml. of the fluid was trans- 
ferred to the side arm containing the alkali mixture (KMnQ, and KI), 
and then HgCl, was mixed with the fluid. The flasks were shaken until 
constant readings of the manometer were obtained. This experiment 
was conducted only with Valencia oranges; the inhibition in two experi- 
ments was 75.5 and 80.3 per cent, respectively. 
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Sodium Azide—With 10-? m azide, an inhibition of about 80 per cent 
was observed at pH 5.0, and 8 per cent at pH 8.0. 

Carbon Monoxide—This experiment was conducted in light and in the 
dark, on tissue from the same orange, with a mixture of 80 per cent carbon 
monoxide and 20 per cent oxygen. In each experiment, the average of 
data from two flasks was used (Table IV). The inhibition is clearly re- 
versible with light. 

Spectroscopic Examination of Tissues—An attempt was made to observe 
the characteristic bands of cytochromes in the flavedo tissue. When a 
suspension of finely ground tissue in water was examined spectroscopically, 
no bands were observed. However, when sodium hydrosulfite was added 
to the suspension, a band at 563 my was easily recognized. When flavedo 
slices were examined, the band could be observed only after steeping the 
| slices in hydrosulfite. Cytochrome 6 exhibits a band at 564 my, and the 
| oxidase at 582 mu (6). To determine whether the band was due to cyto- 





TaBLe IV 
Effect of Carbon Monoxide on Oxygen Uptake by Flavedo 





. | 
| C.mm. oxygen consumed per 100 mg. dry weight 











In daylight In dark |. eee 
In air | In pr mixture In air In gas mixture 
140 | 443 | 157 | 121 14.1 
135 131 122 95 14.4 
residual respi: ration co 


a a 





™ 1 — residual respiration Oz 


chrome b, its position was checked against the known cytochrome b com- 
ponent in a yeast suspension. To the knowledge of the writer, none of 
the cytochromes has been observed before in a colored portion of the 
plant. 

The characteristic bands of cytochrome c (550 and 520 mu) were not 
observed. On the other hand when reduced cytochrome c was added to 








the flavedo suspension in the presence of NaeS2O,, the band at 550 my 
was plainly visible, indicating that the failure to observe the band before 
was not due to a masking effect. 

When cytochrome c was added in the absence of NaS:Qy, the bands 
gradually disappeared, indicating a change from the reduced to the oxi- 
dized form, but when the tissue was heated before the cytochrome solution 
was added, the bands remained visible. This indicates that a heat-labile 
substance is responsible for the oxidation of added cytochrome c. 

Success in viewing evtochrome bands depends upon two factors, As 
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the concentration of cytochromes is extremely low, a thick suspension is 
essential. This requires an intense beam to permit adequate transmitted 
light for visual inspection in the spectrometer. As light source, a Wotan 
lamp (6 volts, 5 amperes) was used, with a large condensing lens, and 
diaphragm, as used in a microscope assembly. Two instruments were 
tried, a small direct vision spectroscope, and a large Bausch and Lomb 
spectrometer. For best results on the bands in situ, two or three slices 
or more of flavedo steeped in hydrosulfite should be clamped together. 
Observations on Reduction of Methylene Blue—Frankenthal (7) studied 
the dehydrogenase activity in the clarified juice of Palestinian orange peel, 


TABLE V 


Effect of pH on Methylene Blue Reduction Time 


Orange pH Albedo Flavedo Whole rind 
| mi min. ; min. mi min. 
Valencia 8.4 16.5 10.5 12.5 
6.3 15.7 11.4 13.5 
7.9 19.0 12.5 17.2 
6.9 96 52 70 
5.9 600 330 450 
Navel 8.2 12.5 8.9 11.5 
7.9 15.5 10.0 14.0 
6.9 60 33.5 43 
TaBie VI 
Effect of Heat on Methylene Blue Reduction Time for Valencias 
pH Heated juice Unheated juice 
‘ ole. len 
7.0 205, 220 56, 54 
9.0 34, 35 12.6, 12 


and attributed the observed activity to dehydroascorbic acid and its stable 
oxidation product, diketogulonic acid. Flavedo juice of California 
oranges was clarified with several types of plant and animal charcoals 
and norit A gave a juice with highest activity. The methylene blue 
reduction was found to be catalyzed by light. Since Frankenthal did not 
define her light conditions, results cannot be directly compared. Direct 
sunlight caused instantaneous reduction at pH 9. Measurements were 
made with artificial light at room temperature. With increase in pH, 
the reduction time was decreased. 

The activity was higher in flavedo than in albedo juice, and navel 
orange juices were more active than those of Valencias (Table V). 
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Effect of Heat—Flavedo juice was heated to boiling in a water bath, 
held for 2 minutes, and quickly cooled. After cooling, the solutions were 
darker yellow and a slight turbidity developed. ‘Times required to de- 
eolorize methylene blue are given in Table VI. They are averages of 
two determinations in each case. At both pH values, the activity was 
decreased by about two-thirds. This is in agreement with Frankenthal 
(7). This implies that much of the observed reduction of methylene blue 
is not enzymatic. 

Effect of Cyanide—Frankenthal (7) also reported that the reduction of 
methylene blue was accelerated by potassium cyanide. To 13.5 ml. of 
navel flavedo juice, 1.5 ml. of 0.1 M cyanide were added, and the reduction 
time at pH 9.0 was reduced from 8.5 to 5 minutes, confirming the earlier 


results (7). 


DISCUSSION 


Results of the present study appear to show that ascorbase* and poly- 
phenolase are absent or non-functioning in the tissues of the orange fruit. 
Enzymes comparable in many respects with peroxidase, indophenol oxidase 
(cytochrome oxidase), and dehydrogenase have been shown to be present, 
though some doubt exists in the case of dehydrogenase, as this may be 
supplemented by a relatively heat-stable system capable of reducing 
methylene blue. This has been attributed to ascorbie acid (7). 

Measurements of oxygen uptake could not be obtained on tissue extracts 
or homogenized tissue. Intact tissue was needed. There is considerable 
inherent variation within oranges selected at random. Comparable varia- 
tion exists in such fruit with respect to soluble solid content (8). The 
observation that the highest activity occurs in the flavedo tissue is in 
agreement with distribution of peroxidase activity (2) and methylene blue 
reduction (7). Values for Qo, for flavedo under optimal conditions varied 
from 1.10 to 2.10 e.mm. per mg. of dry tissue per hour. 

The destruction of the activity by heat and the occurrence of an opti- 
mum in the pH range 3 to 7 indicate that the observed activity is enzymatic 
in nature. The optimum pH for the enzyme is on the acid side of neu- 


* Further study of the situation with respect to ascorbase suggests that this con- 
clusion needs modification. The validity of the ascorbic acid control may be ques- 
tioned because of the absence of protective factors, of which citric acid may be one (3). 
The flavedo control, based on average analyses, may contain up to 0.4 mg. of ascorbic 
acid, and the extent to which this and additional substrate may be protected, or 
oxidized, depends on the validity of the controls. It appears that the rate of oxida- 
tion is independent of the concentration at this and higher levels, owing to saturation 
of the enzyme. Regardless of this uncertainty, the theoretical maximum for com- 
plete oxidation of the ascorbic acid is less than 30 c.mm., while the flavedo control, 
on the same basis, has an uptake of 140 e.mm. 
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trality, while autoxidation is greater on the alkaline side. In these studies 
cyanide inhibition at pH 5.0 is about 50 per cent at 10~* M, and 80 per cent 
at 10-? mM. The respiration of Nitella (9) is about 37 per cent inhibited 
at 10-* m concentration, of barley leaves (10) 65 per cent, of carrots 61 to 
72, and of tea leaves (11) 58 to 88. In such tissues as carrot and tea leaf, 
in which cytochrome oxidase has been reported, inhibition reaches a maxi- 
mum at 10~-* m cyanide, and is by no means complete. This is in contrast 
with eytochrome oxidase in the absence of other enzymes, when 5 X 107‘ 
cyanide produces complete inhibition. Since inhibition increases with 
increase in cyanide concentration (Fig. 6), the writer favors the suggestion 
(11) concerning the competition for organic iron between the enzyme and 
cyanide. 

The constant for the ratio of the affinity of the orange enzyme for oxygen 
and carbon monoxide, namely 14, is close to some of the recorded values, 
9 to 12 for carrots (12) and 15 for tea leaf (11). 

Cytochrome 6 was observed only in the presence of hydrosulfite, and 
neither cytochrome a nor c could be detected. 

Frankenthal (7) attributed the dehydrogenase-like activity in the 
clarified peel juice to the ascorbic acid oxidation products, dehydroascorbie 
acid and diketogulonic acid, and the results of this investigation with 
respect to the effect of cyanide, pH, and heat are in general agreement. 
The ascorbie acid could furnish the basis for dehydrogenase-like activity 
required for the completion of a respiratory cycle involving cytochrome b 
and a eytochrome-like oxidase. 


SUMMARY 


Measurements of oxygen uptake have been made on orange tissues by 
the Warburg technique. The flavedo shows the highest activity with an 
optimum at about pH 5.0. 

The effect of inhibitors and numerous possible added substrates was 
noted, from which it was concluded that a system involving cytochrome 
oxidase is responsible for a major part of the oxygen uptake. 

The presence of cytochrome b was identified spectroscopically by means 
of its characteristic absorption band at 563 my. This was observed only 
after reduction with hydrosulfite. 

Dehydrogenase activity was studied by methylene blue reduction in 
Thunberg tubes. A somewhat high proportion of this activity (about 30 
per cent) appears to be due to a relatively heat-stable system. 


The writer wishes to express his sincere appreciation to Dr. M. A. Joslyn 
with whom this study was initiated. He also feels greatly indebted to 
Dr. G. Mackinney for his particular interest and for guidance in the 
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METABOLISM OF THE STEROID HORMONES 


IV. CONVERSION OF DESOXYCORTICOSTERONE TO PREGNANEDIOL- 
3(a), 20(a@), IN MAN AND IN THE CHIMPANZEE* 


By BENJAMIN N. HORWITT, RALPH I. DORFMAN, 
REGINALD A. SHIPLEY, anp WILLIAM R. FISH 


‘From the Brush Foundation and Departments of Biochemistry and Medicine, School of 
Medicine, Western Reserve University, and Lakeside Hospital, Cleveland) 


(Received for publication, April 26, 1944) 


In a preliminary report (1) from this laboratory, we reported the con- 
version of desoxycorticosterone to pregnanediol-3(a) ,20(a@) in the ovari- 
ectomized chimpanzee. This report deals with the details of the experi- 
ments on the chimpanzee as well as similar studies on three men and one 
woman. 

Cuyler et al. (2) presented suggestive evidence that the conversion of 
desoxycorticosterone to pregnanediol-3(a) ,20(a@) takes place in a healthy 
man. Their data were not conclusive and in subsequent reports they were 
unable to confirm their original findings either in men or in women (3, 4). 
Conclusive evidence for this conversion has been reported in rabbits (5, 6). 


Administration of Desoxycorticosterone Acetate to Ovarieclomized 
Chimpanzee 


Daily doses of 200 mg. of desoxycorticosterone acetate! were administered 
orally for 15 days to an adult ovariectomized chimpanzee. Urine was col- 
lected for the 15 days during the hormone administration period and for 
the following 3 days. A total of 14.9 liters of urine was collected. The 
urine was extracted in a manner similar to that previously described except 
for the use of carbon tetrachloride in place of benzene (7). The neutral 
compounds were separated by means of the Girard-Sandulesco reagent, 
trimethylacethydrazide ammonium chloride, into the ketonic and non- 
ketonic fractions. The non-ketonic fraction was separated into the hydroxy 
and non-hydroxy fractions by means of succinic acid anhydride. The non- 
ketonic hydroxy fraction was separated further with digitonin. 

Those compounds which did not precipitate with digitonin were dissolved 
in 50 cc. of benzene and adsorbed on a column (10 X 190 mm.) of Brock- 
mann’s aluminum oxide. Elution was carried out with benzene and 
progressively increasing concentrations of ethanol in benzene and finally 


* Supported in part by a grant from the Josiah Macy, Jr., Foundation and by 
grants from the Committee for Research in Problems of Sex of the National Research 
Council, grant administered by Dr. William C. Young. 

! Kindly supplied by Ciba Pharmaceutical Products, Inc. 
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with absolute ethanol, as represented in Table I. Crystalline materia] 
was found in Fractions 13 to 16 which were eluted with 400 cc. of 1.0 per 
cent ethanol in benzene. This material after crystallizing several times 
from 70 per cent ethanol melted? at 228-229°. When mixed with an 
authentic sample of pregnanediol-3(a) ,20(a), m.p. 229-231°, a melting 
point of 229-230° was found. The diacetate melted at 175-176° and when 
mixed with pregnanediol-3(a) ,20(a) diacetate, m.p. 174-175°, the mixture 


melted at 174-175°. The yield was 45 mg. of the free compound. 


Analysis—C2,H O02. Calculated, C 78.75, H 11.25; found, C 79.04, H 11.70 

The mother liquors from Fractions 13 to 16 were combined, evaporated 
to dryness, dissolved in 25 ec. of benzene, and rechromatographed on a 
column (10 X 190 mm.) of Brockmann’s aluminum oxide. Elutions were 


TaBe I 
Elution of Compounds Which Did Not Precipitate with Digitonin 





Fraction No. vat Solvent Remarks 
| 
ce. | | 
I 50 | Benzene Trace of colorless oil 
2 100 " e ** light brown oil 
3-6 135 y - ** colorless oil 
7-11 =| 300 | 0.25% ethanol in benzene - ™ ” 
12 100 0.5% e 23 ? 6 " ” a 
13-16 400 1.0% z Crystalline material 
17 100 2.0% = - Trace of colorless oil 
18 100 4.0% = sis - - es ” = 
19 | 100 Oth) ott 0 ovhob epee! ay we 
20 100 ae “ brown oil 
21 | 100 ae 


| Ethanol “6 “6 


carried out with benzene and mixtures of ethanol and benzene, of concen- 
trations from 0.5 to 1.0 per cent ethanol, as listed in Table II. The 
crystalline material from Fractions 5 and 6 (Table IL) were combined and 
acetylated. After recrystallization from dilute ethanol, the material 
melted at 174-175°. This material was the diacetate of pregnanediol- 
3(a),20(a). When mixed with an authentic sample of the diacetate, m.p. 
174—175°, a melting point of 174—-175° was observed. The yield was 43.3 
mg. of the diacetate (34.0 mg. of free compound). Thus, the total yield 
was 79 mg. of pregnanediol-3(a) ,20(a), representing a 3 per cent conversion. 

In a second experiment on the same ovariectomized chimpanzee, twelve 
daily doses of 100 mg. each of desoxycorticosterone acetate were adminis- 


2 All melting points are uncorrected and were determined with the Fisher-Johns 
apparatus. 
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tered orally. A total of 10.8 liters of urine was collected during the period 
of hormone administration and for the following 4 days. The urinary 
extracts were prepared and fractionated as described in the first experiment, 
except that no digitonin precipitation was carried out. 

The non-ketonic hydroxy compounds were dissolved in 25 ce. of benzene 
and adsorbed on a column (10 X 120 mm.) of Brockmann’s aluminum 
oxide. Elutions of the column with a solution of 1 per cent ethanol in 
benzene yielded crystalline material. Two crystallizations from dilute 
ethanol yielded a substance melting at 229-230°. The melting point was 
not depressed when mixed with pregnanediol-3(a),20(a). The diacetate, 
m.p. 173-174°, was not depressed when mixed with a sample of pregnane- 
diol-3(a) ,20(a@) diacetate, m.p. 174-175°. The yield was 21 mg. of the 
free compound. 

Analysis—C2HyO2. Calculated, C 78.75, H 11.25; found, C 78.66, H 11.31 


TaBLe II 
Elution of Mother Liquors from Fractions 13 to 16 





Fraction No ‘ae Solvent Remarks 
| ce. | } 
| erm . 
l 25 | Benzene race of oil 
> | 25 te | “e ae Lai 
2 100 ! tai ee ce 
1 ~ 200 | 0.5% ethanol in benzene Brown oil 
5 200 0.75% “ . 2. Crystalline material 
6 100 0.75% = se ¥ we 
7 100 0.75% 6 “ Trace of colorless oil 
8 100 1.0% oe os * Nothing 


Administration of Desoxycorticosterone Acetate to Three Men and One 
Woman 


Subjects, Methods, Materials—The subjects consisted of three patients 
suffering from Addison’s disease and one from hypogonadism. Two of the 
patients with Addison’s disease were men aged 35 and 33 years, respectively. 
The third was a 30 year-old woman. The fourth patient was a 28 year-old 
hypogonadal male. 

Desoxycorticosterone acetate was administered orally to the four patients 


‘for periods ranging from 5 to 11 days. The total amount of desoxycorti- 


costerone acetate? administered per patient, calculated as free compound, 


ranged from 595 to 1280 mg. 
Urine was collected during the period of oral administration of desoxy- 


* Kindly supplied by Ciba Pharmaceutical Products, Inc., and by the Schering 
Corporation through the courtesy of Dr. W. H. Stoner. 
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corticosterone acetate and for the following 2 to 4 days. The combined 
urine samples were acidified with hydrochloric acid and extracted with car- 
bon tetrachloride as described for the chimpanzee urine. The crude urinary 
extracts were fractionated by means of sodium hydroxide and the Girard- 
Sandulesco reagent into the neutral ketonic and neutral non-ketonic frac- 
tions. 

The neutral non-ketonic fractions were adsorbed on columns of Brock- 
mann’s aluminum oxide from solutions of benzene. The adsorbed com- 
pounds were eluted from the column by solutions of ethanol in benzene 
ranging from 0.5 to 3 per cent ethanol in benzene. The principal crops of 
pregnanediol-3(a) ,20(a) were eluted by solutions containing 1 per cent 
ethanol in benzene. 


Taste III 
Conversion of Desoxycorticosterone to Pregnanediol-3(a) ,20(a) in Humans 
Total P regnanediol-3 (a),20 (a) | 
Days pune isolated ; 
Patient Sex | Age | admin-| _° a Te = Conver- 
istered | COmPounc | sion 
adminis- M.p.* M.p.t of | 
tered es diacetate 
yrs meg. meg. %. C. | per cent 
Addison’s disease F. | 30 11t | 1280 | 18 | 232-234) 173-174) 1.4 
of 24 M.} 35 6 | 618 | 15 233-235] 176 2.4 
“ | 33 5 595 16 | 230-231) 173-174) 2.7 
Hypogonadal 7 tae 7 715 | 22 | 233-235) 174-176) 3.1 





*The melting point of an authentic sample of pregnanediol-3(a),20(a) was 
231-234°. 

+t The melting point of an authentic sample of pregnanediol-3(a),20(a) diacetate 
was 173-176°. 

t During the preovulatory phase of the menstrual cycle. 

The identity of the isolated products was established on the recrystal- 
lized products by means of melting points of the products and their diace- 
tates. Melting points of mixtures of both the free compounds and their 
diacetates with authentic samples were determined. 

The results are summarized in Table III. In each instance, pregnane- 
diol-3(a) ,20(a) was isolated as a urinary metabolite of desoxycorticosterone. 
Since the percentage conversion figures are based on the amounts of preg- 
nanediol-3(a) ,20(«) isolated in crystalline form, the values are necessarily 
minimal. 

The two male patients with Addison’s disease showed conversions of 2.4 
and 2.7 per cent respectively, while the woman suffering from this disease 
showed a 1.4 per cent conversion during the preovulatory phase of the 
menstrual cycle. The hypogonadal male converted desoxycorticosterone 
to pregnanediol-3(a) ,20(a) to the extent of 3.1 per cent. 
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Urine samples collected from the two male patients with Addison’s 
disease before desoxycorticosterone acetate treatment yielded no pregnane- 
diol-3(a) ,20(a). These studies were carried out on 8 and 5 day specimens 
from the 33 and 35 year-old males with Addison’s disease respectively. 

DISCUSSION 

The conversion of desoxycorticosterone to pregnanediol-3(a) ,20(a), 
which has been demonstrated for man, the chimpanzee, and rabbits, is the 
first instance in the metabolism of the steroid hormone of the replacement 
of a hydroxy group (at C2) by a hydrogen atom. The over-all change 
represents a reduction of the a,8 unsaturated ketone in Ring A to the 3- 
hydroxy group, and the replacement of the hydroxyl group at C2 by a 
hydrogen. The reduction in Ring A is similar to those observed in the 
transformation of testosterone to androsterone and progesterone to preg- 
nanediol. 

A possible mechanism for the changes occurring at Coo and C2; is pre- 
sented in the accompanying formulas. The first step involves the reduc- 
tion of the Coo ketone group to the corresponding C2; hydroxy group. 
Thus we have formed a Ce9-C2; glycol which could split out water in either 
of two ways, forming either a Cy or Ca enol. For the formation of 


pregnanediol-3(a) ,20(a), the C2) enol would be the direct intermediate 
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and would form in turn the Ca keto tautomer; the reduction of either the 
enol or keto tautomer would form pregnanediol-3(a) ,20(a). The C2; enol 
could go through analogous transformations, yielding on reduction preg- 
nanediol-3(a) ,21. 

These findings help to explain the presence of small amounts of pregnane- 
diol-3(a) ,20(a) in normal men’s urine (8) and in ovariectomized women (9), 

In the bull, however, the large amount of urinary pregnanediol seems to 
be associated with the presence of the testis, since the steer excretes no 
detectable amount of this steroid (10). 


SUMMARY 


The oral administration of desoxycorticosterone in the form of its acetate 
to patients with Addison’s disease (two men, one woman), a hypogonadal 
male and an ovariectomized chimpanzee resulted in the urinary excretion 
of pregnanediol-3 (a) ,20(a). 

Conversions of 1.4 to 3.0 per cent of the administered material were ob- 
served by direct isolation of the pregnanediol-3(a) ,20(a). 

A possible mechanism of the conversion of desoxycorticosterone to preg- 
nanediol-3(a) ,20(a) is discussed. 
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SOME OBSERVATIONS ON THE PHOTOCHEMICAL 
DESTRUCTION OF CAROTENE* 


By LEONARD P. PEPKOWITZ 


(From the Department of Agricultural Chemistry, Rhode Island Agricultural 
Experiment Station, Kingston) 


(Received for publication, May 11, 1944) 


In a recent publication (1) the photochemical destruction of carotene 
in the presence of chlorophyll was reported. The present paper presents 
some observations concerning the photolysis observed. However, the dis- 
cussion is limited by the lack of specific knowledge of the chemical mecha- 
nism of the process, since neither the possible intermediates nor end-prod- 
ucts have been identified. The experiments described should be considered, 
therefore, as attempts to gain an insight into the mechanism of the 


reaction 
EXPERIMENTAL 


In most.of the experiments, the mixtures of carotene (90 per cent 8- and 
10 per cent a-)' and 5X chlorophyll? in acetone were exposed in test-tubes 
to the direct light of a Mazda daylight fluorescent lamp at a distance of 
4 inches. The illumination on the reactants was 350 foot candles, as 
measured by a Weston illumination meter. The concentrations of carotene 
and chlorophyll were determined spectrophotometrically, with the absorp- 
tion characteristics at 6500 and 4560 A. In those cases in which a separa- 
tion of components was required, as in the experiments involving uranyl ace- 
tate or the fluorescent dyes, the carotene was transferred to petroleum 
ether and the other reagents removed by washing first with distilled water 
and then with 90 per cent methyl alcohol. The carotene solution was dried 
by filtering through anhydrous sodium sulfate and the transmittance deter- 
mined in a Coleman universal spectrophotometer. 

Influence of Oxygen—In an attempt to characterize the reaction, the 
question of whether the reaction would proceed in the absence of oxygen 
was investigated. Test-tubes containing various carotene-chlorophyll 
mixtures in acetone were subjected to the following treatments when ex- 
posed to the light source: (1) the tube was kept open to air so that only 
dissolved oxygen and that gained by diffusion were available; (2) air was 
bubbled through the solution at a rapid rate; (3) pure tank oxygen was 


* Contribution No. 660 of the Rhode Island Agricultural Experiment Station. 
1S. M. A. Corporation, Chagrin Falls, Ohio. 
* The American Chlorophyll Company, Inc., Alexandria, Virginia. 
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920) PHOTOCHEMICAL DESTRUCTION OF CAROTENI 


passed through the mixture; (4) carbon dioxide was bubbled through the 
solution; (5) nitrogen was passed through the solution as described below, 

In the absence of oxygen (CO, treatment) no destruction occurred, in. 
dicating that oxygen is necessary for the reaction to proceed (Table I), 
On the other hand, the amount of destruction of carotene was found to be 
independent of the concentration of oxygen supplied, since identical destrue. 
tion resulted when oxygen was obtained only by diffusion from the air or 


TABLE | 
Eff ct of Oxygen on Photolysis of Carotene in Presence of Chlorophyll (Exposed to 
Light for 4 Hours) 
The values are given in mg. 


Original CO ye Air Oxygen 

rms Carotene ot Carotene on Carotene Chait Carotene Chyil Carotene 

° 0.038 0.039 0.017 
1.10 0.025 1.07 0.023 0.65 | 0.006 
0.44 0.023 0.26 0.001 0.25 | 0.002 0.30 | 0.001 
0.25 0.007 0.18 0.002 0.17 | 0.002 
0.24 0.038 0.19 0.010 0.19 0.010 0.19 0.009 
0.0 0.023 0.0 0.024 0.0 0.022 0.0 0.022 0.0 0.023 


* Chlorophyll present but not determined. 


TABLE II 


Effect of Nitrogen on Photolysis of Carotene in Presence of Chlorophyll (Exposed to 
Light for 4 Hours) 


rreatment Carotene Chlorophyll 
mee me 
Original 0.025 0.25 
Air 0.004 0.15 
Moderate stream of nitrogen 0.010 0.17 
Rapid stream of nitrogen 0.023 0.23 
Evacuation and flushing with nitrogen. 0.020 0.23 


when pure tank oxygen was passed through the solution. Furthermore, 
passing purified nitrogen through pyrogallol and then through the solution 
stopped the reaction only when a very rapid stream of nitrogen was used 
or other precautions were taken such as preliminary repeated evacuations 
and flushing with nitrogen to remove all of the dissolved oxygen. Table 
II presents some typical results from experiments involving nitrogen. 

The conclusions to be drawn from these experiments are (1) oxygen 18 
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required, but only in small amounts; (2) no mass action effect is observed 
when the concentration of oxygen is increased. 

Kinetic Studies—In an attempt to localize the rate-determining step, 
the order of the reaction was investigated, but because of ignorance of the 
actual chemical mechanism involved true reaction rates could not be as- 
ecertained. The results can only be considered relative either to carotene 
or to chlorophyll. Aronoff and Mackinney (2) have presented data con- 
cerning the destruction of chlorophyll a and 6 at different wave-lengths both 
in the presence and absence of carotene. Their results favor a second 
order reaction for the photooxidation of the individual chlorophylls alone 
with a tendency towards a first order reaction in the presence of carotene 
at a wave-length of 4358 A. The results given in this paper are somewhat 
at variance with these conclusions, for, although a second order reaction 


Tase III 
Reaction Velocity Constants 
Mole ratio of Chlorophyll, first order constants Carotene, zero order constants 
chlorophyll to 
es Equation 1 Equations 2 and 3 Equation 4 Equation 2 
min.~* min! X 10% mole lt =| XX 10°* mole t-' 
min.~* min? 
1.30 —0.0011 —(.0010 
3.51 —0.0012 —0.0013 —0.0141 —0.0133 
5.38 —0.0015 —0.0015 —().0184 —0.0151 
7.31 ‘ —().0022 —0.0021 —(.0134 —0.0146 
11.99 —0.0022 —0.0024 
13.77 —(0.0017 —0.0019 —0.0215 —(0.0164 
14.87 —(.0018 —0.0018 —0.0185 —(0.0200 
19.08 —0.0019 —0.0022 —().0142 —0.0112 
29.35 —0.0021 —(0.0022 


56.13 —0.0017 —0.0017 


was obtained for chlorophyll alone, good straight lines representing first 
order plots were obtained for chlorophyll in the presence of carotene at a 
number of different mole ratios of these two components (Table III). 

A series of stoppered tubes containing the desired mixture of chlorophyll 
and carotene was exposed simultaneously to the light source. Sufficient 
head room was left in each tube to supply enough air so that the quantity 
of oxygen was at no time a limiting factor. The tubes were removed 
at definite time intervals and the reaction stopped by transferring the 
contents to a 50 ml. volumetric flask and placing it in the dark. The 
flask was made up to the mark with a minimum exposure to light and read 
immediate!y in the colorimeter. 

The data were calculated in two ways to afford a check on the accuracy 
of the results. For first order reactions, the formula 
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" 2.303 Co 

=e log C (1) 
was used where C, is the original concentration (moles per liter) of the 
component and C the concentration at time ¢ (minutes). K, is then the 
first order constant relative to the component. 

For confirmation the values of K, obtained in this manner were checked 

by calculating K, from the slope of the best straight line through the ex- 
perimental points as given by 


2(XY) — =e) 
Slope = m = ————_ a (2) 
=(X?) - tL 


nm 
which is an application of the law of least squares (3). Therefore, 
K, = 2.303m (3) 


The values of X and Y used were the experimentally determined values 
of concentration and time, and not the more ideal values obtained from 
the plot. 

In all experiments, a first order constant with respect to chlorophyll 
was obtained when carotene was present. Table III gives the K, values 
at a number of different mole ratios of chlorophyll and carotene obtained 
by both methods of calculation. The values given in the column headed 
‘Equation 1” are the average of five or six individual values obtained at 
each sampling. A typical set of values is —0.0016, —0.0017, —0.0018, 
—0.0017, —0.0017, —0.0017, and —0.0017 min. obtained at 30 minute 
intervals. 

It is of interest to note that the first order rate constants with respect to 
chlorophyll are lower as the mole ratio approaches unity, thus indicating 
a decrease in the rate of the reaction. This observation is in accord with 
data of Aronoff and Mackinney (2) who found a “protective” action of 
carotene on the chlorophyll destruction as the carotene concentration was 
increased to a mole ratio of carotene to chlorophyll of approximately 1:8. 

In each case the reaction was zero order with respect to carotene. 
Straight lines were obtained by plotting concentration against time and 
good agreement in the rate constants (Ko) were obtained whether calculated 
from Equation 2 or from 


a = Ko (4) 


The results are given in Table III. The data in the column headed 
‘Equation 4” are the average of five determinations. A typical set of 
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yalues determined at 30 minute intervals are —0.011, —0.011, —0.016, 
—0.013; average = —0.013 X 10~* mole liter min. 

Since the reaction is independent of the concentration of oxygen and 
of carotene (zero order), it can be concluded that the rate-determining 
step involves the photochemical activation of chlorophyll, which in turn 
results in the oxidation of carotene. 

Two possibilities exist as to the mechanism of the reaction. First, there 
may be the formation of a complex between the chlorophyll and the 
carotene molecules. However, the kinetic measurements mitigate against 
this idea, since the reaction is apparently first order with respect to chloro- 
phyll and zero order with respect to carotene. Furthermore, Aronoff 
and Mackinney (2) could find no spectrophotometric evidence for such a 
compound formation. 

The second and most plausible possibility is the activation of oxygen 
through the irradiation of chlorophyll to form either a pigment peroxide 
or acceptor peroxide. According to Gaffron (4) the function of the irradi- 
ated chlorophyll in similar reactions is to produce an acceptor peroxide 
which through autoxidation results in the photolysis of the acceptor. 
Accordingly, based on Gaffron’s hypothesis, the mechanism of the reaction 
can be briefly postulated as follows: 


Light + oxygen + chlorophyll + carotene — carotene-peroxide — products of 


carotene photolysis - 


Any further discussion is not warranted by the data, and must necessarily 
wait until the products of the reaction are identified. 

Effect of Other Photodynamic Materials—Since eosin, fluorescein, methyl- 
ene blue, and the uranyl ion have proved to be photochemically active 
in a great number of reactions, the influence of these photodynamic ma- 
terials on carotene was investigated. Except for fluorescein, they have 
all produced photolysis of carotene under the experimental conditions 
employed although at different rates. The uranyl ion supplied as urany] 
acetate posed some special problems and will be discussed separately. 

Fig. 1 indicates the relative rates of reaction. Each point represents 
the relative amount of carotene destroyed at a given time interval. The 
dyes were each at 50 X 10-* mole per liter at the start and the initial con- 
centration of carotene was 6.3 X 10-* mole per liter. 

It is evident from the graph that methylene blue is much more effective 
in producing the photolysis of carotene than is chlorophyll. Eosin is 
somewhat less effective, while fluorescein had no effect at all. 

A parallel reaction involving methylene blue is described by Bernheim 
and Dixon (5, 6) in which xanthine oxidase is destroyed by irradiating the 
enzyme in the presence of methylene blue and a trace of oxygen. The 
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reaction proceeds through the formation of peroxide, thus suggesting q 
similarity of the photolysis of carotene in the presence of chlorophyll, 
Eosin has previously been shown to resemble chlorophyll in its photocheni- 
cal action although it is less active, as is indicated above (7). The failure 
of fluorescein to effect the photolysis of carotene cannot be explained from 
the available data. 

The uranyl ion, supplied as uranyl acetate, produced somewhat different 
results. Because of the insolubility of uranyl acetate in acetone, all ex- 
periments were carried out in 50 per cent acetone in which the uranium 
salt was soluble. 

As indicated in Fig. 1, at the concentration of the urany! ion used (50 Xx 
10~* mole per liter), the reaction proceeded more slowly than in the presence 
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Fic. 1. Relative rate of the photolysis of carotene in the presence of methylene 
blue, chlorophyll, eosin, uranyl acetate, and fluorescein. 


of methylene blue, and after 60 minutes reached a maximum. However, 
upon further experimentation, it was observed that under the proper 
concentration of uranyl acetate, the reaction proceeded with surprising 
speed, destroying, at the optimum concentration, over 80 per cent of the 
carotene in 30 minutes. 

The optimum rate for photolysis of carotene occurred when the uranyl- 
carotene ratio was approximately 50:1. Below this ratio, the rate falls 
off rapidly, producing only a 20 per cent destruction of carotene at a mole 
ratio of 25:1. Above the optimum ratio the rate again falls off, but more 
slowly. At a mole ratio of 100:1 the destruction of carotene decreased 
to approximately 50 per cent of the initial concentration. No explanation 
of these observations can be given at present. 
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SUMMARY 


1. Oxygen is required for the photolysis of carotene in the presence of 
chlorophyll. The evidence indicates, however, that only traces of oxygen 
are required and that no mass action effect is produced as the concentration 
of oxygen is increased. 

2. Kinetic studies indicate that the reaction is first order with respect 
to chlorophyll and zero order with respect to carotene. 

3. The rate-determining step at constant light intensity probably in- 
volves the photoreactivity of chlorophyll to produce an acceptor peroxide 
(carotene peroxide) which results in the destruction of carotene through 
autoxidation. 

4. Methylene blue and eosin also induced the photochemical destruction 
of carotene. Methylene blue was more effective than chlorophyll and 
eosin less effective. Fluorescein had no effect. 

5. The uranyl ion supplied as uranyl acetate was extremely active as a 
photolytic agent at a mole ratio of uranyl to carotene of approximately 
50:1. Below this ratio, the rate dropped off rapidly and above this 
ratio the rate decreased more slowly. 
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THE RED PIGMENT OF LEGUMINOUS ROOT NODULES* 


By R. H. BURRIS anp ERWIN HAAS 


(From the Department of Agricultural Bacteriology, University of Wisconsin, Madison, 
and the Department of Chemistry, University of Chicago, Chicago) 


(Received for publication, March 31, 1944) 


Pietz (1) observed in root nodules of horse-beans (Vicia faba) a red 
pigment capable of reversible oxidation and reduction depending on the 
presence of oxygen. He concluded that this substance was identical 
with 5,6-quinone-2,3-dihydroindole-2-carboxylic acid, the red intermediate, 
obtained by Raper (2) upon enzymatic oxidation of tyrosine. Kubo (3) 
has described a method for the extraction and fractionation of the red 
pigment from leguminous root nodules and has reported, contrary to Pietz, 
that it is a hemoglobin-like substance. He used a crude extract of soy 
beans, and his observations were limited to the visible range of the spectrum 
without consideration of the blue region of the spectrum which shows 
absorption bands typical for hemin compounds. His description of two 
absorption maxima at 575 and 540 my for the oxidized form and one 
maximum at 555 my for the reduced form was based on observations made 
with a micro spectroscope. The red pigment in the impure extract was 
present in the reduced state, but temporary reversible oxygenation occurred . 
during the time the solution was shaken with air. The experimental data 
obtained here with the substance purified by precipitation are in disagree- 
ment with the classification of this chromoprotein either as a quinone- 
or a hemoglobin-like compound. 

The red pigment of root nodules of cow-peas (Vigna sinensis) was purified 
by the method of Kubo. The material obtained by fractionation with 
0.50- to 0.75-fold saturation with respect to ammonium sulfate was dialyzed 
against water and finally dissolved in 0.05 m phosphate buffer of pH 7.1. 
The relative absorption spectrum of this solution as shown in Fig. 1 was 
determined by photoelectric spectrophotometry (4), light absorption (log 
I,/I) being plotted as a function of the wave-length. The absorption line 
in the blue region, which is characteristic for hemin compounds, dis- 
tinguishes this substance from the quinoid intermediate proposed by Pietz, 
since Mazza and Stolfi (5) have found the absorption maximum of the latter 
compound at 539 mu. The spectrum of the oxidized form exhibits only 
one band in the visible range at 530 my in contrast to the hemoglobin-like 
double band reported by Kubo. After deoxygenation of the solution the 
spectrum of the oxidized form remains unchanged, indieating true oxidation 


* This research was aided by grants from the Rockefeller Foundation. 
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and not mere oxygenation of the red pigment. Reduction by hydrosulfite 
is accompanied by a considerable change of the absorption spectrum, as 
indicated in Fig. 1. Like other hemin compounds the band in the blue 
region of this pigment is shifted to a longer wave-length upon reduction, 
Contrary to the process reported in hemin-containing proteins, reduction 
is here followed by an unusual decrease in light absorption. In summary, 
the spectrum definitely shows that the pigment is a hemin compound but 
not a quinoid compound. The method of preparation, which includes 
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Fig. 1. Spectrum of the pigment of root nodules 


ammonium sulfate precipitation in a narrow range and subsequent dialysis, 
indicates that the substance is a compound of high molecular weight, most 
probably a protein. The fact that it is precipitable by trichloroacetic acid 
and by heat and has a nitrogen content of 16.0 per cent is further indicative 
of its protein nature. Its behavior towards oxygen indicates that it is not 
a hemoglobin-like substance. 

The regular occurrgnce of a red pigment in root nodules suggests a pos- 
sible réle for it in the respiration of this tissue; Kubo has reported that it 
stimulates the respiration of Rhizobium japonicum. Attempts were made 
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here to determine the possibility of an interaction between the red pigment 
and reconstructed diphosphopyridine nucleotide or triphosphopyridine 
nucleotide systems. Measurements were made at 430 my because the 
greatest difference between the absorption of the oxidized and reduced com- 
pound occurs at this wave-length. No reduction of the red pigment could 
be achieved by dihydrodiphosphopyridine nucleotide or dihydrotriphospho- 
pyridine nucleotide. The pigment remained in its oxidized form even 
after simultaneous addition of the reduced coenzymes together with a 
“Lebedev”’ juice containing high concentrations of cytochrome reductase, 
alcohol dehydrogenase, yellow enzymes, etc. No evidence has been found 
to demonstrate any functional réle of the pigment in tissue oxidations by 
way of the diphosphopyridine nucleotide or triphosphopyridine nucleotide 


systems. 
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STUDIES IN CARBOHYDRATE METABOLISM 


I. THE RATE OF TURNOVER OF LIVER AND CARCASS GLYCOGEN, 
STUDIED WITH THE AID OF DEUTERIUM* 


By DeWITT STETTEN, Jr., anv GEORGE E. BOXER 


(From the Department of Biochemistry, College of Physicians and Surgeons, Columbia 
University, New York) 


(Received for publication, June 13, 1944) 


During the synthesis of glycogen in the animal body it has been shown 
that stably bound deuterium may be introduced if the body fluids are 
enriched with heavy water (1,2). This fact makes possible the determina- 
tion of the rate of turnover of glycogen in normal animals at constant 
weight. We have therefore investigated the rates of turnover of both 
liver and carcass glycogen by the expedient of enriching the body fluids 
of rats with D,O, maintaining a uniform level of D,O in the body fluids 
for varying periods of time, then killing the animals, and isolating glycogen 
from the liver and carcass. Comparison was made between the deuterium 
concentration in these samples and that in the body water. 

In all the experiments to be described, adult female rats were used. 
They were kept on the experimental diet, which contained 60 per cent glu- 
cose and no fat, until constant body weight was attained. Sufficient 
D,O was then injected subcutaneously to raise the deuterium level of the 
body fluids to approximately 2 per cent, and at the same time the drinking 
water was replaced by 3.5 per cent D,O. Animals were killed at intervals 
from 3 hours to 16 days after administration of heavy water was started. 
Glycogen was isolated from the liver and carcass, and, for comparative 
study, the liver fatty acids were also obtained. 

From the results in Table I, it is evident that the deuterium concentra- 
tion in liver and carcass glycogen has increased with time. It may be 
shown that if the total quantity of any body constituent remains constant, 
if the amount replaced per unit time is constant, and if the synthetic process 
involves the uptake of isotope from a reservoir of constant concentration, 
the equation 


In o_o = kt (1) 


imax. — 1 
represents the relationship between the isotope concentration of that body 
constituent and time. Here, 7 is the isotope concentration at time t; 
* This work was carried out with the aid of grants from the Nutrition Foundation, 


Inc., and the Josiah Macy, Jr., Foundation. 
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imax., the isotope concentration at infinite time; and &, the fraction of the 
constituent replaced per unit time. In the present series of experiments 
the three conditions necessary for the application of this equation have been 
approximated in so far as the body weight, diet, and level of deuterium in 
the body fluids were constant during the period of observation. The 
quantities of glycogen recovered from each of the six animals did not vary 
significantly. 


TABLE | 
Uptake of Deuterium from Body Water 


Six adult rats were maintained at constant weight on a high carbohydrate diet. 
The body fluids were enriched with D.O for varying periods of time, the rats then 
killed, and liver and carcass glycogen, as well as liver fatty acids, analyzed for 
deuterium. The values are reported as (a) the actual analytical figures, and (6 
recalculated for 100 atom per cent deuterium in the body fluid. 


Concentration of deuterium 


Duration Analytical figures Recalculated values 

= Liver fatty Liver Carcass gly-| Liver fatty Liver Carcass 

Body water acids glycogen cogen acids glycogen glycogen 

lew atom per atom per aiom per atom per per ceni of | per cent of per cent of 

— cenit D cent D cent D cent D body water | body water | body water 
0.125 2.2 0.120 | 0.013 0.037 5.4 0.6 1.7 
l 2.45 0.379 0.480 0.074 15.5 19.6 30 
2 2.32 0.508 0.380 0.141 21.9 | 16.4 6.1 
4 2.22 0.618 0.523 0.212 27.8 | 23.6 9.6 
8 1.94* 0.695 0.560 0.386 35.8 | 28.8 19.9 
16 1.78* 0.674 0.514 0.432 37.8 28.9 24.3 


* In these experiments of long duration, somewhat lower concentrations of DO 
were employed, in the interests of economy. 


In order to evaluate k, an extrapolated value for imax. has been obtained 
from the equation 
fash, te (2) 
21, — 12 
where 7; is the isotope concentration at time ¢, and % the isotope concentra 
tion at time fg = 2¢,;. The isotope values for the 8 and 16 day experiments 
were employed in this extrapolation. The values of the function 
In imax./(tmax.—t) have been plotted against time and the best straight 
lines fitted to the resulting points by the method of least squares (Fig. 1). 
The slopes of these lines are equal to k in each case. The half life of each 
substance has also been calculated from the equation 


gnu — (3) 
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From these results, given in Table II, the quantity of glycogen turned 
over per rat per day may be estimated. The mean weight of liver glycogen 
recovered from the six animals was 547 + 68 mg., and of carcass glycogen, 
331 + 41 mg. The weight of glycogen turned over per rat per day was 
therefore 0.68 X 547 = 372 mg. in the liver, and 0.19 X 331 = 63 mg. 
in the carcass, or about 435 mg. in all. During the experimental period 
the rats consumed approyimately 23 gm. of diet, or about 14 gm. of glucose 
per day. Of this, only 0.44 gm., or about 3 per cent, was handled by way 
of glycogen. 
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mined by the method of least squares. 


It is of interest to speculate on the metabolic pathway of the remaining 
97 per cent of the ingested glucose. A portion may well have been burned 
directly, without preliminary glycogenesis. Another portion was un- 
doubtedly converted to fatty acid. The magnitude of this fraction may be 
estimated from the value for k for the body fatty acids of rats on a high 
carbohydrate diet, calculated from the results of Bernhard and Bullet 
(3) as 0.077 day~'. As our animals contained about 25 gm. of fatty acids, 
approximately 0.077 X 25 = 1.9 gm. of fatty acids were burned each day. 
As the animals were on a fat-free diet and at constant weight, it must be 
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presumed that an equal quantity of fatty acids, newly synthesized from 
glucose, was deposited. If it is further assumed that glucose is initially 
split to 3-carbon fragments, and that only 2 of these 3 carbon atoms are 
directly available for fatty acid synthesis, it may be calculated that at least 
5 gm. of glucose were needed to synthesize 1.9 gm. of fatty acids. In other 
words, in our rats on a high carbohydrate, fat-free diet more than 10 times 
as much of the dietary glucose was used each day in the synthesis of fatty 
acids as was consumed in the synthesis of glycogen. From our results it 
must be concluded that, at least in the well nourished rat on a high carbo- 
hydrate diet, glycogen represents a quantitatively minor pathway of glu- 
cose metabolism. 

The maximal isotope concentrations in both the liver and carcass 
glycogen, achieved only in infinite time under our experimental conditions, 
lay between 25 and 30 per cent of the deuterium concentration in the body 


TABLE II 
Rate of Turnover of Liver Glycogen, Carcass Glycogen, and Liver Fatty Acids 
The fraction of each constituent replaced per day, k, and the half life of each 
constituent, 4, have been calculated from the figures in Table I. The maximal 
isotope concentrations, tmax., expressed as per cent of the isotope concentration of 


the body water, are also given. 


Body constituent k fh imax 

an Hai per cent of 

| day ey body water 
Liver fatty acids 0.37 1.9 37.9 
glycogen wd’ 0.68 1.0 28.9 


Carcass glycogen. . 0.19 3.6 25.5 


water. We consider these maxima to be in good part the results of the 
conditions selected, for, as will be shown in subsequent publications, these 
values may be exceeded either by change of diet or by disease. The 
simplest explanation of these values is that glycogen is made by two types 
of processes in the animal. The one process, the more or less direct 
combination of dietary hexose molecules, would not be expected to in- 
troduce much deuterium into the resulting glycogen. The second process 
would be glycogenesis from fragments smaller than hexose. In such a 
process it is conceivable that each H atom in the resultant glycogen was, at 
some stage, either in equilibrium with or derived from the body water. 
Such a process would result in a glycogen of the same isotopic composition 
as the body water. In the course of isolation and purification of glycogen, 
however, a fraction of the labeled H is necessarily lost. From consideration 
of its formula, and from a report by Ussing (1), about 3 out of every 10 
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hydrogen atoms of glycogen would be expected to be immediately ex- 
changeable with water. We have determined the fraction of immediately 
exchangeable H in glycogen by preparing a solution of glycogen in heavy 
water, evaporating to dryness, and analyzing the residual glycogen for 
deuterium. The deuterium concentration of this glycogen was 34 per cent 
of that of the water, indicating that 66 per cent of the hydrogen in glycogen 
igs stably bound. Therefore, even if a sample of glycogen in the animal 
were of the same isotopic composition as the body water, the highest 
deuterium concentration that could be expected in this glycogen after 
purification by repeated precipitation from normal water would be 66 
per cent of that in the body fluids. We interpret the fact that our values 
for imax. (Table II) were less than half of this theoretical maximum to mean 
that in the synthesis of liver and carcass glycogen both types of processes 
have contributed, and to approximately the same extent in both cases.. 


EXPERIMENTAL 


The diet used throughout consisted of glucose monohydrate 60 parts, 
easein (Labco, vitamin-free) 22 parts, yeast powder 6 parts, salt mixture 
(4) 6 parts, and roughage (Celluraticn) 6 parts. Adult female rats of the 
Sherman strain, weighing from 267 to 300 gm., were kept in individual 
cages and offered the diet and water ad libitum. When constant weight 
was attained, deuterium oxide was administered by injection and in the 
drinking water, as described above. The animals were killed by a blow 
on the head and immediately eviscerated. The livers were placed in hot 
30 per cent aqueous KOH and heating was continued until complete dis- 
integration had taken place. The eviscerated carcasses were minced and 
treated in the same manner as the livers. The total time consumed be- 
tween killing of the rat and immersion of the tissues in alkali was less than 
10 minutes. 

The same procedure was employed for the isolation of glycogen from 
liver and from carcass. The alkaline digest was filtered through glass wool 
and 1.2 volumes of 95 per cent ethanol were added. The precipitate was 
removed by centrifugation and washed with 60 per cent ethanol. Fatty 
acids were isolated from the supernatant solution. The precipitated 
glycogen was extracted with three portions of 10 per cent trichloroacetic 
acid and reprecipitated from the combined extracts by addition of 1.2 
volumes of ethanol. The glycogen was further purified by two successive 
precipitations from distilled water. As glycogen precipitates poorly in the 
complete absence of electrolytes, it was found advantageous to add a crystal 
of lithium bromide at the time of the last alcoholic precipitation. This 
salt was selected because of its solubility in alcohol. The final product was 
washed with increasing concentrations of ethanol, finally with acetone, and 
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was dried in vacuo over P.O; at room temperature. It contained less than 
1 per cent of ash, and less than 0.05 per cent of N. After acid hydrolysis, 
it yielded from 96 to 102 per cent of the glucose required by theory. 

In order to demonstrate that none of the otherwise stably bound hydro- 
gen atoms in glycogen were rendered labile by concentrated alkali, normal 
glycogen was refluxed for 18 hours with 30 per cent KOH in 3 per cent 
D,O. The glycogen, isolated and purified as described above, contained 
no deuterium. 

To ascertain the per cent of readily exchangeable hydrogen in glycogen, 
a 10 per cent solution of normal glycogen was prepared in approximately 
3 per cent D,O and kept at room temperature for 24 hours. The solution 
was frozen, and water removed by sublimation at high vacuum. The col- 
lected water contained 2.72 atom per cent deuterium, and the dried glyco- 
gen, 0.913 atom per cent deuterium. Thus, 33.5 per cent of all the hydrogen 
atoms of glycogen had undergone exchange. 

Deuterium analyses were carried out by the falling drop technique 
(5). 


SUMMARY 


From observations of the uptake of stably bound deuterium into liver 
and carcass glycogen in adult rats at constant weight, when the body 
fluid was maintained enriched with D.O, the rate of turnover of these 
substances has been calculated. The half life of liver glycogen was found 
to be about | day, that of carcass glycogen about 3.6 days. 

It was calculated that on the high carbohydrate diet employed only about 
3 per cent of the dietary glucose was handled by way of glycogen and that 
at least 10 times as much of the dietary glucose was used to synthesize 
fatty acids as was used to synthesize glycogen. 

Evidence has been presented to support the view that both liver and 
carcass glycogen are formed in part from dietary glucose and in part from 
smaller units. 
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STUDIES IN CARBOHYDRATE METABOLISM 


Il. THE GLYCOGENIC RESPONSE TO GLUCOSE AND LACTATE IN THE 
PREVIOUSLY FASTED RAT* 


By GEORGE E. BOXER anp DeWITT STETTEN, Jr. 


(From the Department of Biochemistry, College of Physicians and Surgeons, Columbia 
University, New York) 


(Received for publication, June 13, 1944) 


In Paper I of this series a study of the rate of turnover of liver and 
eareass glycogen in well nourished rats at constant weight on a high 
carbohydrate diet has been reported (1). It was concluded that under 
these conditions the half life of liver glycogen was about 1 day, that of 
carcass glycogen about 4 days. These conclusions were arrived at by 
determination of the rate of increase of deuterium concentration in glycogen 
when the body fluids of rats were enriched with heavy water, and it was 
noted that in these experiments the deuterium concentrations of both 
liver and carcass glycogen approached asymptotically values of 25 to 30 
per cent of that in the body water. 

This finding has been provisionally interpreted to indicate that both liver 
and carcass glycogen are synthesized by two types of processes. The one 
process, direct coupling of dietary glucose molecules, would introduce little 
isotope into glycogen, whereas the other, glycogenesis from fragments 
smaller than hexose, might conceivably result in glycogen of the same 
isotopic composition as the body water. We have previously stated the 
reasons for our belief that, if the hydrogen in glycogen in the animal did 
indeed contain the same concentration of deuterium as the body water, 
it would contain only 66 per cent as much deuterium as the body water 
after the exchangeable deuterium had been lost during isolation. 

Cori (2-4) has shown that the administration of glucose or lactate to 
a previously fasted rat is promptly followed by the synthesis of new 
glycogen and Hastings and collaborators (5-9), employing C™, have in- 
vestigated the sources of the carbon in the glycogen synthesized under 
these conditions. In the present experiment we have set out to determine 
the deuterium concentration of liver and carcass glycogen synthesized in the 
previously fasted rat in response to administration of glucose or lactate, 
when the body fluids were enriched with D,O. In each of the experiments 
to be discussed, six adult female rats were first fasted for 24 hours. Suf- 
ficient D.O was then injected subcutaneously to bring the level of deu- 


* This work was carried out with the aid of grants from the Nutrition Foundation, 
Inc., and the Josiah Macy, Jr., Foundation. 
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terium in the body water to a value of approximately 1.2 to 1.3 per cent, 
Feedings were given by stomach tube 1 hour after injection, glucose in one 
case, and dl-lactic acid, half neutralized, in another. A third group of 
animals received no feeding. 4 hours after the injection of D,O, the 
animals were killed, glycogen as well as fatty acids isolated from the livers 
and carcasses, and their deuterium concentrations compared with those 
of the body water. 

The validity of the procedure of administering all the isotope at one time 
in the form of a single injection of D,O was confirmed by the actual deter- 
mination of the rate of decrease of deuterium concentration in the body 
fluids following such an injection. The concentration of deuterium in the 





Z j . DAY 


Fic. 1. Decrease in deuterium concentration of urine water. The values of the 
function In (79/7) have been plotted against time. 


urine water was determined at intervals after an injection of D,O, and the 
fraction of hydrogen in water replaced per day, k, was evaluated from the 
solution of the equation 


kt = In (%/12) Ql 


where ip is the isotope concentration at zero time and 7 the isotope con- 
centration at time { thereafter (Fig. 1). The value of k, under our experi- 
mental conditions, was found to be 0.192 day and the half time of re- 
placement of water molecules, with respect to their hydrogen content, 
3.62 days. During the 4 hour period of the short time experiments, the 
deuterium concentration of the body fluids should not have decreased by 
more than 3.5 per cent. 
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Before we discuss the significance of the values in Table I, it should 
be pointed out that in well nourished rats on a high carbohydrate diet the 
deuterium concentrations of liver and carcass glycogen had reached values 
of 0.6 and 1.7 per cent respectively of that in the body water 3 hours after 
the injection of D.O (1). The uptake of deuterium into glycogen is a very 
much more rapid process in the previously fasted animal than in the well 
nourished animal. 

In the animals that were simply fasted, the isotope concentration of 
the liver glycogen had risen to 25, of the carcass glycogen to 12 per cent 
of that in the body water. We cannot estimate the maximal values of 
these isotope concentrations, and are therefore unable to calculate the 
rate constants. To have reached these levels, however, at least 38 per cent 
of all the liver glycogen and 18 per cent of all the carcass glycogen must 


TABLE I : 

Uptake of Deuterium from Body Water 
Deuterium oxide was injected subcutaneously into three groups of six adult rats 
each that had previously been fasted for 24 hours. To the first group no food was 
given, but the second and third groups were given glucose and lactate respectively 
by stomach tube 1 hour after the injection. The rats were killed 4 hours after in- 


jection. 

Liver | Carcass) poay Liver |Carcass| Liver | Depot | Liver Carcass! Liver Depot 
Feeding gly- gly- pees gly- gly- fatty fatty gly- gly- | fatty fatty 
cogen| cogen cogen| cogen acids acids | cogen | cogen | acids acids 

| per aiom | alom i 
: per cent | atom atom aiom | per ceni| per cent| per cent | per cent 
oe 0} ~ a | per cent | per cent| per cent | of body | of body | of body | of body 
Se carcass| ° D | - D | Pe | water | walter | water | water 
None... 0.04) 0.011) 1.19) 0.30) 0.142) 0.003) 0.014) 25.1 | 11.9} 0.3 | 1.2 
Glucose. 0.82 1.29) 0.49) 0.183) 0.016) 0.011) 38.1 | 14.2; 1.2 | 0.9 
Lactate 0.21; 0.012) 1.28 0.73) 0.198) 0.022) 0.028) 57.0 | 15.4) 1.7 2.2 


have been synthesized in the last 4 hours of life. In the same time inter- 
val, the well nourished rats would have synthesized only 11 per cent of 
their liver glycogen and 3 per cent of their carcass glycogen. 

When glucose was given to previously fasted rats 3 hours before death, 
the quantity of glycogen recovered from the livers was 17.5 times greater 
than in the fasted control animals. This material was but slightly diluted 
by preexisting non-isotopic glycogen and its deuterium concentration 
must therefore be a close approach to the maximal value for glycogen 
synthesized in the livers of the previously depleted animals when glucose 
is fed. The isotope value, 38 per cent of the deuterium concentration in 
the body water, is appreciably higher than the maximal value achieved 
only at infinite time in well nourished animals, 29 per cent (1). This 
leads to the conclusion that a greater proportion of the hydrogen atoms of 
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glycogen had been derived from the body water in the previously fasted 
animal than in the well nourished animal. The most plausible explanation 
for this finding is that the preceding period of fasting results in a preference 
of glycogenesis from fragments smaller than hexose rather than from 
dietary glucose directly. This is in accord with the observation of Vennes- 
land, Solomon, Buchanan, and Hastings (8) that glycogen synthesized 
in response to glucose administration to previously fasted rats contained 
C™ if NaHC"Os, were simultaneously injected. 

The quantity of glycogen recovered from the livers of the rats that were 
given lactate was more than + times that in the fasted control rats. The 
isotope concentration of this glycogen was 57 per cent of that in the body 
water. We have previously shown that 34 per cent of all the hydrogen in 
glycogen is exchanged on solution in water. It follows that, if a sample 
of glycogen, after purification by repeated precipitation from water, has 
66 per cent as high a concentration of deuterium as the body water of the 
animal from which it was obtained, the glycogen must in vivo have been 
of the same isotopic composition as the body water. The analytical value 
in the present experiment, 57 per cent, is a very fair approximation to this 
theoretical maximum. It indicates that during glycogenesis from dietary 
lactic acid essentially all of the hydrogen in the new glycogen is either 
derived from or exchangeable with the body water at some stage. 

From the fact that a sample of glycogen of almost the predicted maximal 
deuterium concentration has been obtained, it may further be concluded 
that, under the conditions of our isolation procedure, the carbon-bound 
hydrogens of glycogen are stable. 

It is now possible to interpret earlier experiments in which liver glycogen 
was isolated from rats receiving D,O kept on complete and thiamine-de- 
ficient diets (10). After 5 days on D,O, the glycogen from the livers of 
rats on the complete diet contained 19, on the thiamine-deficient diet, 41 
per cent of the isotope concentration in the body water. The process of 
glycogenesis in the thiamine-deficient rat favored the introduction of more 
deuterium from the body water than in the normal control animal. This 
is taken to mean that in thiamine deficiency glycogenesis proceeds pre- 
ponderantly from fragments smaller than hexose, possibly chiefly from 
pyruvate. 

Of the carcass glycogen samples isolated, it may be pointed out that 
their deuterium concentrations are from one-half to one-fourth those of the 
corresponding liver glycogens. The rate of incorporation of deuterium 
into carcass glycogen was much more rapid in these fasted animals than 
it was in the well nourished rats. Since fasting does not deplete the muscle 
of glycogen to the same extent as the liver (2), the newly synthesized 
deuterio glycogen must be assumed to be diluted by non-isotopic glycogen 
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initially present in the muscle. The isotope concentrations found in the 
earcass glycogen samples cannot, therefore, be considered as maximal 
values. 
EXPERIMENTAL 

The determination of the rate of turnover of body water was carried 
out on an adult female rat of the Sherman strain. The rat was kept at 
constant weight, 300 gm., on a diet previously described (1). Food and 
water were given ad libitum. 7 cc. of 99.5 per cent D,O, were injected 
subcutaneously and urine samples were obtained after 1, 3, 5, 7, and 9 
days. Each sample represented the urine output over a 3 hour period, 
from 1} hours before to 1} hours after the time stated. Water was dis- 
tilled off and analyzed for deuterium. The best values for & and ip were 
obtained from the isotope analyses by the method of least squares. The 
half life, ¢;, was then calculated from k. The results are given graphically 


in Fig. 1. 


k = 0.1917 + 0.0011 day~ 
ty = 3.62 days 
io = 2.94 atom per cent D 


The animals used in the glycogen experiments were female adult rats 
averaging 200 gm. in weight. They were taken off the stock diet 24 hours 
before injection of D.O, but water was offered ad libitum. The rats lost 
from 8 to 9 per cent of their body weight during this fast. 1 ce. of 99.5 
per cent D,O was injected hypodermically per 100 gm. of body weight. 
Tube feedings were carried out by the technique described by Levin (11). 
250 mg. of glucose in 1.25 cc. of water were administered to each rat of one 
group and 400 mg. of dl-lactic acid, half neutralized with NaOH, in 1.25 
ec. of water, were given each rat of another group. The animals were killed 
exactly 4 hours after injection of D,O, and their bodies worked up as de- 
scribed in the previous report (1). 


SUMMARY 


The uptake of deuterium in the liver and carcass glycogen of the rat, 
after injection of D,O, has been studied in fasted animals and in animals 
fed glucose or lactate after previous fasting. 

The appearance of deuterium in glycogen proves to be a very much more 
rapid process in the fasted than in the well nourished rat. 

Previous fasting favors a process of glycogenesis in response to ingested 
glucose that results in glycogen rich in isotope. This is interpreted as 
indicating glycogenesis from fragments smaller than hexose rather than 
from dietary glucose directly. 
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Glycogenesis from dietary lactate gives liver glycogen of nearly the 
maximum deuterium concentration theoretically possible, indicating that 
during synthesis all the hydrogen is derived from or exchangeable with 
body water. 

Additional evidence for the stability of the carbon-bound hydrogen 
in glycogen is presented. 

The half time of replacement of the hydrogen in body water in the rat, 
under our experimental conditions, was incidentally determined to be 
3.6 days. 
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SOURCES OF ACETIC ACID IN THE ANIMAL BODY* 
By KONRAD BLOCH anp D. RITTENBERG 


(From the Department of Biochemistry, College of Physicians and Surgeons, Columbia 
University, New York) 


(Received for publication, May 22, 1944) 


The formation of acetic acid as a product of intermediary metabolism 
has frequently been postulated. Animal tissues can metabolize acetic acid 
at a rapid rate (1); so that its concentration in the body fluids at any given 
time may be too small to permit its detection by means of the analytical 
methods available. A demonstration of acetate formation in vivo will be 
feasible, however, if acetate enters into intermediary reactions leading to 
a fixation of the C: unit in compounds which are either stored in the tissues 
or excreted. Three reactions are known to occur in intact animals which 
involve utilization of the carbon atoms of acetic acid; viz., acetylation of 
foreign amines (2), formation of ketone bodies (3), and formation of choles- 
terol (4). The appearance of isotope in the product of any one of these 
processes will, after administration of an isotopic compound, be taken as 
evidence for the formation of acetic acid from the compound tested. Of 
the three processes, the acetylation of foreign amines appears to be the 
most suitable one for demonstration of acetate formation, for the quantities 
of ketone bodies excreted by normal animals are insufficient for isolation, 
while cholesterol synthesis proceeds at a rate so slow that extended feeding 
periods are required in order to demonstrate utilization of acetate. 

Proof for acetylation of amines in vivo by acetic acid was first furnished 
by Bernhard (2) who observed the excretion of deuterio acetyl derivatives 
when a foreign amine and deuterio acetic acid were administered to dogs. 
The same investigator employed the acetylation reaction to demonstrate 
the biological oxidation of ethanol to acetic acid by the intact animal (5). 

We have studied the acetylation reaction by acetic acid in somewhat 
greater detail.!. The quantitative results suggested that acetate was pro- 
duced by animal tissues in relatively large amounts and raised the question 
as to its origin. The findings reported here are interpreted on the assump- 
tion that acetic acid is a direct acetylating agent and that the appearance 
of deuterio acetyl groups is proof of the intermediary formation of deuterio 
acetic acid from the isotopic test substance. 

The formation of acetic acid as an oxidation product of fat is suggested 
in the 8 oxidation scheme of Knoop, although the exact nature of the C, 
units arising in the breakdown of fatty acids has never been determined. 


* This work was carried out with the aid of grants from the Josiah Macy, Jr., 
Foundation and from the Nutrition Foundation, Inc. 
Unpublished results. 
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We have prepared a number of deuterium-containing compounds and haye| 
tested their ability to give rise to isotopic acetyl groups. The finding 
obtained are entirely consistent with the 8 oxidation theory. ) 

The question whether acetic acid is formed as an intermediate in the| 
oxidative breakdown of carbohydrates is still unanswered. The oxidatiye| 
decarboxylation of pyruvic acid known to be carried out by microorganisms | 
(6) has yet to be demonstrated in intact animal tissues. The dismutation 
of pyruvate into lactate and acetate, demonstrated by Krebs in liver slice 
(7), may involve a different mechanism. When deuterio alanine was ad. 
ministered to rats, high concentrations of deuterium appeared in the acetyl 
group of the acetylphenylaminobutyric acid excreted. This finding leads 
to the conclusion that the oxidative decarboxylation of pyruvate to acetyl 
occurs in intact animal tissues. 


EXPERIMENTAL 
Preparation of Isotopic Compounds 


Sodium Deuterio Acetate—This compound was prepared from malonie 





acid as previously described (4). It contained 27.6 atom per cent excess 
deuterium. 


Dideuterio Succinic Acid—This compound was prepared from fumarie 


acid as described before (4). It contained 26.9 atom per cent excess 
deuterium. 
Sodium Dideuterio Propionate—This compound was prepared as pre- 


viously described (8). It contained 34.4 atom per cent excess deuterium. | 
Sodium Dideuterio Butyrate—The sodium salts of the a,8- and 8,y- | 
° ° . ° . ° , 7 | 
dideuterio butyric acids were prepared as previously described (4). They | 


contained 22.0 and 16.0 atom per cent excess deuterium respectively. 

Sodium n-Deuterio Valeric Acid—This compound was prepared by the 
platinum-catalyzed exchange reaction between sodium valerate and D,0. 
It contained 17.3 atom per cent excess deuterium. 

Deuterio Ethyl Palmitate—Dry normal acetylene was circulated in a 
closed system through a hydrating mixture of 9 ec. of D.O, 1.2 ec. of con- 
centrated H,SO,, and 1.0 gm. of HgSO, kept at 70°. After most of the 
water in the exit gases was removed by a reflux condenser, the acetalde- 
hyde was condensed in a dry ice trap. Fresh acetylene was continuously 
added to replace that reduced to acetaldehyde or dissolved in the liquid 
acetaldehyde. After 10 liters of acetylene had been introduced, the uptake 
of acetylene ceased. The contents of the dry ice trap were brought to 0°, 
when much gas, presumably dissolved acetylene, was evolved. 

The acetaldehyde was reduced with hydrogen over a nickel catalyst (9). 
Hydrogen saturated with deuterio acetaldehyde at —30° was slowly passed 
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over this catalyst kept at 150°. The exit gases were passed through a trap 


1d have! : 
indings| kept at ee 10 ‘ 

| The liquid condensed at — 10° was warmed to 25°. A small amount of 
in the | unchanged acetaldehyde evaporated. About 10 ce. of liquid (alcohol 
idative| water ) were obtained. The alcohol in this was converted into deuterio 
anisms | ethyl 3,5-dinitrobenzoate, 33.0 gm., m.p. 93°, 16.5 gm. of which were 
itation hydrolyzed by boiling alkali. The resulting alcohol (3.2 cc.) was dried 
r slices with K,CO; and warmed on a steam bath for 3 hours with 26 gm. of palmi- 


as qq.) toyl chloride. The reaction mixture was diluted with ether, washed with 
K,CO; solution, and with water, and distilled. The main fraction, 12.26 


acety| , ; 
leads gm., b.p. 140-150° (2 mm.), contained 3.40 atom per cent excess deuterium, 
acai from which the methyl group of the ethyl alcohol can be calculated to 


contain 40.8 atom per cent excess deuterium. 

In order to determine the position of the deuterium in the deuterio 
alcohol another sample of acetaldehyde was reduced to alcohol and con- 
verted to ethyl butyrate, b.p. 119.5-121.5°. This contained 13.1 atom per 
cent excess D, corresponding to ethyl alcohol with 26.2 atom per cent 
alonie | deuterium. A sample (1.96 gm.) was hydrolyzed with alkali and the alco- 
xcess | hol oxidized with KMnQ, in dilute HSO,. The acetic acid was distilled 

off and converted into silver acetate (1.4 gm.), of which 903 mg., burned 

marie | for the deuterium analysis, yielded 582 mg. of silver (theory 583 mg.) and 
xcess | contained 50.3 atom per cent excess deuterium. If all the deuterium in 

the ethyl alcohol were in the methyl group, the derived silver acetate should 
pre- | contain 52.4 atom per cent. excess. The agreement is excellent; very little 
‘ium. | deuterium can have been lost by exchange during the conversion of ethyl 
B,y- | alcohol to acetic acid (10), and little can have entered the acetylene by 
Chey | exchange with the hydrating mixture (11). 
| _ 10,11-Dideuterio Ethyl Undecylate—Ethy] undecylenate was hydrogen- 
the | ated in ether solution with D. gas. The ester contained 7.19 atom per cent 
D,0. | excess D, corresponding to an isotope concentration of 31.2 atom per cent 
excess in the terminal methyl group. 
in a Deuterio Alanine—5 ce. of freshly distilled pyruvie acid (0.072 mole) 
con- | and 8 ce. of concentrated NH; solution (0.144 mole) were dissolved in 
the | 100 cc. of 80 per cent ethyl alcohol and reduced with D, gas and palladium 
Ide- | black (12). After 5 hours, 1600 cc. of gas were absorbed. The alanine 
isly | isolated contained 10.0 atom per cent excess deuterium. N (Kjeldahl) 
uid | found, 15.5; calculated for C3H¢,3Do.7O.N, 15.6 per cent. 
ake 0.1000 gm. of deuterio alanine was mixed with 1.7002 gm. of normal 
0°, | alanine, dissolved in 300 cc. of H,O, and the pH brought to 5.5 by the 
addition of phosphoric acid. 1 mole of chloramine-T was added and the 
solution kept at 40° for 1 hour. The acetaldehyde was distilled off. To 
the distillate (100 cc.) were added 20 ee. of 85 per cent H;PO, and 1.5 gm. 
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of KMnO,. The mixture was kept at room temperature for 18 hours, 
then refluxed for 15 minutes. Half the water was distilled over, the excess 
KMn0O, was reduced with H,O:, and the bulk of the acetic acid was dis. 
tilled with four successive additions of 50 cc. of water. The distillate was 
neutralized with KyCO; and taken to dryness. The potassium acetate, 
extracted with hot absolute alcohol and dried at 100° in vacuo, contained 
18.2 atom per cent excess deuterium. 

From the isotope concentration of the alanine and the acetate derived 
from it, it ean be calculated that the a-hydrogen atom of the alanine con. 
tained 15.4 and the methyl group 18.2 atom per cent excess deuterium. 

Ethyl Deuterio Myristate—Deuterio myristic acid with 29.8 atom per cent 
excess D, prepared by catalytic exchange with D,O, was esterified with 
ethyl alcohol. 

Ethyl Deuterio Stearic Acid—40 cc. of linseed oil were dissolved in 70 ce. 
of dry isoamyl ether and reduced catalytically with D, and Pt. The 
product was hydrolyzed with 7 per cent alcoholic KOH, and the free fatty 
acids were esterified with ethyl alcohol. The mixture of esters, b.p. 162- 

77° (2 mm.), weighed 27.4 gm. and contained 5.80 atom per cent excess D. 

Feeding Experiments—Rats weighing about 250 gm. were used in all 
experiments. The test substance was incorporated into the stock diet of 
the following composition: 71 per cent corn-starch, 16 per cent casein, 
5 per cent yeast, 4 per cent salt mixture (13), 2 per cent cod liver oil, and 
2 per cent sodium chloride. The large daily consumption of water result- 
ing from the high content of sodium chloride in the diet kept the isotope 
concentration of the body fluids low. In the experiment in which ethyl 
deuterio myristate was fed, the diet consisted of casein 85 per cent, yeast 
5 per cent, bone meal 2 per cent, cod liver oil 2 per cent, salt mixture 4 per 
cent (13), and sodium chloride 2 per cent. The animals consumed from 
10 to 15 gm. of these diets daily. In all experiments di-phenylamino- 
butyric acid, prepared according to du Vigneaud and Irish (14), was incor- 
porated into the stock diets. The animals received 100 mg. per day of 
this substance per 100 gm. of body weight. 

Isolation of l-Acetylphenylaminobutyric Acid—The pooled urines were 
made alkaline to phenolphthalein and extracted continuously with ether 
for 5 hours. The urines were then acidified to Congo red and again ex- 
tracted with ether for 24 hours. The ether extract from the acidified urine 
was concentrated and the residue was taken up in a small volume of hot 
water. The acetyl derivative which crystallized required, as a rule, only 
one recrystallization from hot water with the addition of charcoal to yield 
a product melting at 179-180°. The purity was checked by determination 
of nitrogen content. Calculated 6.33 per cent; found in all samples, from 
6.2 to 6.4 per cent. In some cases the optical rotation of the excreted 
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acetyl derivative was determined and was found to correspond to that of 
the pure / isomer (15). 

Isolation of Fatty Acids after Feeding Ethyl Deuterio Myristate—At the 
end of the 3 day feeding period the animals were killed, the entire gastro- 


TABLE I 


Formation of Deuterio Acetyl Groups from Deuterio Compounds 





: Acetyl Coefficient of 
Compound fed poe. utilization 
—| Dura- . " 
| tion of Body | co Cho- 
experi-| water yr te 'Total*| Specifict lesterol 
Experiment No teat butyric | 
| | j acid 
(1) 12 | O%}]M)o}] © |Mm)] ® | 
|mae per| atom | | atom | atom | atom 
100 gm.| der cen!) 3... |per cent| per cent | per cent 
body | excess *” \ excess | excess | excess 
| weight! D | oe D | a, 
spe : » eee et eo | m 
1. Sodium deuterio 1.55 | 27.6 8 | 0.07 | 2.00 {15.6 {15.6 | 0.200 
acetate 
2. Sodium dideuterio | 0.94 | 34.4/ 5 | 0.04] 0.08 | 0.5 0.00 
propionate 
3. Dideuterio succinic | 1.60 | 26.9 3 | 0.03 | 0.16 | 0.6) 
acid | 
4. Sodium a,8-dideuterio | 1.60 | 22.0 8 0.05 | 0.47 | 1.9 | 3.8 (a) 0.05 


butyrate 
. Sodium 8, y-dideuterio | 1.75 | 16.0 8 0.04 | 0.74 | 3.8 | 7.6 (y) | 0.12 
butyrate 
6. Sodium n-deuterio | 1.60| 17.3] 8 | 0.04| 0.22 | 0.9 | 4.0 (a) | 0.06 


valerate i 
7. Ethyl 10,11-dideuterio | 1.60; 7.2) 8 | 0.07/ 0.08 | 0.3 | 0.5 (w) 


| 
| | | 
| } 


4 | 0.56 | 0.6/5.5 “ 


or 





undecylic acid 
8. Ethyl deuterio } 1.13 | 
myristate 


9. Ethyl 9, 10-dideuterio | 1.60 | 5.8 





4 | 0.02] 0.07 | 0.2 | 
| | 

3.4} 8 | 0.06/ 2.8 /14.4 /14.4 0.16 
mitate 


11. Deuterio di-alanine | 1.2 | 10.0} 4 | 0.03} 0.64 | 7.6 | 9.8 @) 
' | i { | 


stearate 
10. Deuterioethyl pal- | 1.6 











* Calculated for all deuterium atoms in the molecule. 
t Calculated for the deuterium attached to the carbon atoms designated by the 
Greek letter. 


intestinal tract removed, and the livers and the remainder of the carcasses 
hydrolyzed with ethanolic KOH. The carcasses yielded 21.1 gm. of fatty 
acids containing 0.57 atom per cent, and the livers yielded 0.383 gm. of 
fatty acids containing 4.10 atom per cent excess deuterium. 

Isolation of Cholesterol—Cholesterol was isolated from the hydrolyzed 
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rat carcasses and purified via the dibromide. The isotope concentrations 


are given in Column 6 of Table I. 
DISCUSSION 


In Table I are listed the isotope concentrations in the acetyl group of 
acetylphenylaminobutyric acid excreted in the urine of rats to the diet of 
which dl-phenylaminobutyric acid and the deuterium-containing test sub- 
stance had been added. We have in all cases calculated, on the assumption 
that the deuterium is present only in the acetyl group, the isotope concen- 
tration of the hydrogen in the acetyl group by multiplying by 5 the deute- 
rium concentration found in the isolated acetylphenylaminobutyric acid 
(CywH,,NO;). This assumption is not strictly valid, for in our experiments 
some deuterium is present in the body fluids as a result of the oxidation of 
the deuterio compounds fed, and it is known that deuterium may enter 
the @ position as well as the acetyl group from the body fluids (15, 16). 
A small fraction of the deuterium found in the excreted acetylphenylamino- 
butyric acid may, therefore, arise from this source. The deuterium con- 
centration of the excreted acetylphenylaminobutyric acid due to these 
reactions cannot be greater than 4/15 that of the body fluids. The isotope 
concentration of the hydrogen of the acetyl group of this compound must, 
therefore, be at least 5 times higher, 20/15 or 4/3 that of the body fluids, 
before utilization of the organic compound for acetylation can be regarded 
as proved. 

As the amount of deuterium administered to the animals in the test 
substance depends not only on the number of moles fed and the isotope 
concentration of the hydrogen atoms but also on the number of hydrogen 
atoms per mole of compound, we shall define a quantity in Equation | 
called the coefficient of utilization of deuterium for acetate formation. 


‘ 1000 Bes 
(1) Coefficient of utilization = 
Dy.M.ng 


where 


Da. = isotope concentration of the excreted acetyl group 

D; = - ° in “ compound fed 

Uv = mm of test substance fed per 100 gm. body weight 
number of hydrogen atoms per mole of test substance 


il 


in 


The denominator of Equation 1 is the number of milliequivalents of 
deuterium administered in the test compound. The acetylating agent 
itself should have the highest coefficiency of utilization. The numerical 
value for acetate is 15.6. A coefficient of utilization greater than unity 
may be taken to signify direct utilization of the test substance. Smaller 
values may be the result of incorporation of deuterium of the body fluids 
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into the acetyl precursor or phenylaminobutyric acid. The coefficient of 
utilization may be calculated not only for all the hydrogen atoms in the 
test compound but also for hydrogen atoms attached to individual carbon 
atoms. In the latter case, D; is the isotope concentration of the hydrogen 
at the specific carbon atom and n, is the number of such hydrogen atoms. 
All other terms have the same significance. In case only some of the 
hydrogen atoms are utilized for acetyl formation, the specific coefficient of 
utilization will be of greater significance than that calculated for the whole 
molecule. 

The observation that none of the test substances gave rise to acetyl 
groups with isotope concentrations exceeding those resulting from acetate 
itself, or had a higher coefficient of utilization, lends strong support to the 
contention that acetic acid (or a functional derivative) is the chief acetylat- 
ing agent. As acetate is utilized for the synthesis of cholesterol, deuterio 
cholesterol should be formed whenever deuterio acetyl derivatives appear. 
This proved to be the case throughout. Up to the present time strict 
correlation between formation of deuterio acetyl and synthesis of deuterio 
cholesterol has been observed. The specific function of acetate to act as a 
precursor of cholesterol is emphasized by this relationship. 

Ethyl Alcohol (CH*;CH.OH )*—According to Bernhard (5), ethanol seemed, 
on the basis of isotope concentrations in the excreted acetyl group, to be 
a more efficient ‘acetylating agent than acetic acid. This result could be 
taken to mean that the actual acetylating agent is not acetic acid but is a 
C,; unit which is produced from ethanol more readily than from acetate. 
In our experiments deuterio ethanol, administered as ethyl palmitate, was 
as effective a source of acetyl as deuterio acetate; the two compounds have 
nearly the same coefficient of utilization. Though this finding does not 
eliminate the possibility that the effect of ethanol is due to an acetylation 
mechanism different from that involving acetate, the quantitative agree- 
ment in the behavior of ethanol and of acetate suggests strongly that 
ethanol acts as an acetylating agent by way of acetic acid. 

Succinic Acid (COOHCH*.C H*,COOH )—Although the deuterium concen- 
tration in the acetyl group excreted after the ingestion of succinate is more 
than 4 times as high as that in the body fluid, the coefficient of utilization 
is less than unity. This result suggests that a small fraction of the suc- 
cinate may be converted to acetate. The occurrence of such a reaction in 
bacteria has been demonstrated by Slade and Werkman (17). 

Propionic Acid (CH*;CH*,COOH) and Alanine (CH*;CH*NH,COOH )— 
When deuterio propionate was administered, the acetyl derivative excreted 
contained no significant excess of deuterium (Table I, Experiment 2). 
The failure of deuterio propionic acid to form deuterio cholesterol has 


*In all cases the deuterium atoms are in the positions labeled by an asterisk. 
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already been reported (4). On the other hand, alanine produces isotopic 
acetyl groups (Table I, Experiment 11). Since the oxidative deamination 
of alanine to pyruvic acid occurs readily in the animal body, pyruvic acid 
and alanine can be considered as equivalent with respect to the acetylation 
reaction. 

No decision can be made, on the basis of these results alone, as to the 
sequence of steps involved in the pyruvate-acetyl transformation. Pyruvie 
acid may, as proposed by Knoop (18), act as an acetylating agent by con- 
densation with an imino acid and subsequent decarboxylation of the con- 
densation product. Or, if oxidative decarboxylation to acetic acid is the 
primary step, then acetic acid will be the acetylating agent proper. Re- 
gardless of the mechanism by which pyruvic acid supplies acetyl groups, 
the present findings establish the oxidative breakdown of alanine (and 
pyruvic acid) to acetyl in the intact animal. The coefficient of utilization 
for alanine, with reference to the methyl group only, has been calculated 
to be 9.8, or two-thirds of that for acetate. This figure indicates that at 
least two-thirds of the dietary alanine must have been degraded to acetyl. 
Even if alanine or pyruvate were converted quantitatively to acetyl, 
identical values could not be expected, as some of the deuterio methyl 
groups of dietary alanine must be stored in the tissue proteins and are, 
therefore, not available. The magnitude of the coefficient of utilization 
suggests that the loss of deuterium due to enolization of the pyruvic acid 
derived from alanine was slow. The failure of deuterio propionate, which is 
a glycogenic compound, to yield isotopic acetyl indicates that the primary 
step in its metabolism is not a oxidation to pyruvic acid. Oxidation at the 
8-carbon atom appears to be the only alternative. 

Butyric Acid—The deuterium concentrations observed (4) in cholesterol 
after feeding the two butyric acids containing deuterium on the a,8 and 
8,y positions respectively were low but significant. The analytical values 
were interpreted as indicating a partial conversion of butyrate to acetate 
rather than direct utilization of butyrate for cholesterol synthesis. This 
is substantiated by the present finding that a,8- as well as 8, y-dideuterio 
butyric acid forms deuterio acetyl groups. It is clear that a mechanism 
exists by which butyric acid is oxidized to 2 moles of acetate. If aceto- 
acetic acid represents the primary oxidation product, then, as shown by 


CH,D-CHD-CH,COOH CH,CHD-CHD-COOH 


CH;:D-CO-CH;COOH CH;-CO-CHC-COOH 


CH,D-COOH + CH,COOH CH,;,COOH + CH,DCOOH 
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the accompanying schemes, the isotopic label on the 8-carbon atom will 
be removed from both acids. The hydrogen atoms at the a-carbon atom 
of 8-keto acids are known to enolize readily and loss of deuterium will occur 
with acetoacetate derived from the a,8-dideuterio butyric acid. However, 
this loss appears not to be complete before the breakdown of labile aceto- 
acetate into stable acetate has occurred. The hydrogen at the y-carbon 
atom is less readily enolized, and most of the isotope will be retained. In 
accord with these considerations, more than twice as high a coefficient of 
utilization is found for the 8,y-dideuterio butyrate as for the a,@ acid. 
Similar results on the relative lability of the hydrogen atoms in the a 
and y positions have been reported by Morehouse (19), who found that 
s-hydroxybutyrate containing deuterium was excreted only after adminis- 
tration of 8, y-dideuterio butyrate. 

The fact that both a,8- and 8,y-deuterio butyric acids give rise to 
deuterio acetyl groups proves that butyric acid can break down to 2 mole- 
cules of acetic acid. 

Since oxidation to acetoacetic acid will in both acids result in the loss 
of the deuterium at the 6-carbon atom, the coefficients of utilization of the 
other deuterium atoms at the @ or y positions will be more significant than 
that calculated for the whole molecule. The value found for the y-deute- 
rium shows that not less than half of the butyrate was metabolized to 
acetic acid by way of acetoacetic acid. 

In the present experiment, after the ingestion of 8 ,y-dideuterio butyric 
acid, the deuterium concentration in the cholesterol was 3 times that in 
the body fluids (Table I, Experiment 5). From an earlier experiment on 
deuterio cholesterol formation in which 8,y-dideuterio butyrate was found 
to be considerably less effective than deuterio acetate, we concluded (4) 
that acetate was not the main product of butyrate metabolism. The 
quantitative difference between the two findings may in part be due to 
the use, in the previous experiments, of a high protein diet, in contrast 
to the high carbohydrate diet in the work here reported. The present 
estimation of butyrate utilization appears to be more precise, for acetyl 
production can be measured more accurately by the acetylation technique. 

The difference in stability of hydrogen atoms at the a and y positions 
respectively is reflected by the appreciably higher isotope content in 
cholesterol after the administration of 8,y-dideuterio butyrate, in contrast 
to a, 8-dideuterio butyrate. 

Higher Fatty Acids—Only a limited number of isotopic fatty acids have 
as yet been tested as to their ability to yield deuterio acetyl groups. Of 
these acids only myristic acid, which had been prepared by catalytic ex- 
change (20) and presumably contained the isotope uniformly distributed 
over the carbon chain, formed acetyl groups with a significant deuterium 
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If, as in Knoop’s scheme of 8 oxidation, 8-keto acids are 
units are successively removed, then the deuterium 


concentration. 
formed from which C, 
should be lost entirely at the 6 position and rapidly exchanged at the 
a-carbon atom exactly as in the case of acetoacetate derived from a,§- 
dideuterio butyrate. When the fatty acid chain has been shortened to 
the 4-carbon stage, the y-carbon atom which has been the w-carbon atom 
in the original acid, will retain most of its isotope, and the acetic acid 
derived from the 2 carbon atoms furthest from the carboxyl group of the 
fatty acid will be the richest in isotope. The maximum deuterium con- 
centration to be expected in acetate formed by the breakdown of higher 
fatty acids will then be of a magnitude similar to that given by 8,y- 
dideuterio butyrate. As the deuterium concentration found in the acety| 
group following administration of isotopic myristic acid was roughly equal 
to that obtained after a,8-dideuterio butyrate feeding, the coefficient of 
utilization for the total molecule is small. On the other hand, calculation 
for the terminal methyl group yields a value of 5.5, intermediate between 
those calculated for the a- and the y-hydrogen atoms of butyric acid. 
However, as the higher fatty acids are partly stored in the fat depots, 
whereas lower ones, such as butyric acid, are immediately metabolized, 
not all of the long chain fatty acids administered will be immediately 
available as a source of acetate. 

From the isotope concentration and total amount of the fat of the animal 
it can be calculated that 10 per cent of the deuterium in the myristic acid 
was deposited. When palmitic acid had been fed (21), 44 per cent was 
found in the depots. After the administration of 9,10-deuterio stearic 
acid, the excreted acetyl groups contained less than significant amounts 
of isotope. In this experiment, the deposition of the labeled fatty acid 
must have been considerable (22). 

Of the two odd numbered fatty acids tested, n-valeric acid, containing 
deuterium evenly distributed along the carbon chain, showed a low but 
significant effect. If oxidation at the 8-carbon atom is again the initial 
step in the breakdown, then 1 molecule of propionic acid and 1 molecule 
of acetic acid may be formed. The acetic acid will have retained only the 
small amount of a-deuterium which was not exchanged in the §8-keto acid 
stage, and no acetic acid is formed from propionic acid. On this basis the 
coefficient of utilization for the deuterium atoms at the a-carbon atom is 
found to be 4.0. This is in close agreement with the value found for the 
a-deuterium atoms of butyric acid. n-Valeric acid has been reported to 
form ketone bodies in diabetic animals (23). The 8 oxidation scheme 
would again account for all the experimental findings concerning n-valeric 
acid if the acetoacetic acid formed in ketosis is a secondary product arising 
from the condensation of acetic acid. 

After the ingestion of 10,11-dideuterio undecylic acid, acetyl containing 
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only normal hydrogen was found. Successive 8 oxidations of this com- 
pound would yield 4 molecules of non-isotopic acetic acid, but a,8-dideu- 
terio propionic acid derived from carbon atoms 9, 10, and 11 would not be 
converted to acetate. 

All of our present findings are compatible with the concept of 8 oxidation 
and the successive removal of C, units in the form of acetic acid. None 
of our observations for odd numbered, as well as for even numbered, fatty 
acids indicates initial oxidation at the a-carbon atom. 

The conclusions drawn from the experiments presented here presumably 
are valid only for the organs in which the acetylation reaction and choles- 
terol formation occur. There is adequate evidence that the liver is the 
site of acetylation, which is not known to be the case of cholesterol. The 
statement that alanine or pyruvate is oxidized to acetyl may hold true only 
for the liver, which is known (24) to be the site of acetylation. It is 
impossible to decide whether the pyruvate (or phosphopyruvate) formed 
in other tissues follows the same metabolic pathway as the pyruvate result- 
ing from oxidative deamination of alanine in the liver. 

SUMMARY 

1. The observation of Bernhard that oral administration of deuterio 
acetate with an amino acid foreign to the organism leads to excretion of 
an isotopic acetyl derivative has been confirmed. Advantage has been 
taken of this effect to demonstrate formation of acetic acid in the normal rat. 

2. Deuterium-containing test substances were added to the stock diet of 
normal rats in conjunction with phenylaminobutyric acid, and the isotopic 
concentration of the excreted acetyl derivative was determined. 

3. Deuterio acetyl groups were excreted after administration of labeled 
ethanol, butyric acid, alanine, n-valeric acid, and myristic acid, but not 
from propionic acid and 10,11-dideuterio undecylic acid. 

t. A considerable fraction of butyric acid is metabolized to yield 2 moles 
of acetic acid. 

5. Only those compounds which gave rise to deuterio acetyl groups 
formed deuterio cholesterol; this finding supports the view that acetate is 
a specific cholesterol precursor. 

6. The result obtained with deuterio alanine is compatible with the 
oxidative decarboxylation of pyruvate to acetyl in the intact rat. 

7. The data are in agreement with Knoop’s concept of 8 oxidation in 
its application to odd as well as to even numbered fatty acids. 
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Cholesterol, which is formed by biological synthesis, contains angular 
methyl groups and branched side chains. A few other tissue constituents 
exist which contain branched chains, notably valine and leucine, but these 
are all essential dietary constituents. It has been shown (1) that acetic 
acid participates in the synthesis of the entire structure of cholesterol, but 
no obvious mechanism is known by which acetic acid could react to form 
branched carbon chains. Our attempts to find specific cholesterol pre- 
cursors other than acetic acid have been unsuccessful; in all instances in 
which the administration of a labeled test substance led to the formation 
of deuterio cholesterol, the effect has been attributable to the intermediary 
formation of deuterio acetic acid (2). 

Experiments were carried out to test the effect of deuterio valine and 
deuterio leucine on the biological formation of cholesterol. Cholesterol 
isolated from animals which had received deuterio leucine contained sig- 
nificant concentrations of isotope, but only normal cholesterol was formed 
when deuterio valine was the test substance. Of the two branched chain 
fatty acids which are likely to be degradation products of leucine and 
valine respectively, deuterio isovaleric acid gave an effect similar to that 
of leucine, whereas deuterio isobutyric acid, like valine, failed to produce 
isotopic cholesterol. 

The appearance of deuterium in cholesterol following administration of 
deuterio leucine is evidence of the ability of leucine to supply carbon atoms 
for sterol synthesis, but provides no proof of a specific utilization of the 
isopropyl groups. Leucine is a ketogenic substance; t.e., a source of aceto- 
acetic acid. Though it is recognized that in ketosis the acetone bodies can 
arise either as primary oxidation products or by recondensation of acetic 
acid, little is known as to the metabolism of acetoacetate or other ketogenic 
substances under normal conditions. In the preceding paper evidence is 
presented that extensive hydrolysis of acetoacetate to acetate can occur in 
normal animals. Intermediary formation of acetic acid may be detected 
by the appearance of deuterio acetyl groups in acetylamino acids. This 


* This work was carried out with the aid of grants from the Josiah Macy, Jr., 
Foundation and from the Nutrition Foundation, Ine. 
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method has now been employed to investigate the degradation of leucine, 
valine, isovaleric acid, and isobutyric acid. The acetyl groups of the ex. 
creted acetylphenylaminobutyric acid contained deuterium when appro- 
priately labeled leucine or isovaleric acid was fed, but contained no excess 
of isotope after administration of deuterio valine or deuterio isobutyrie 
acid. Thus, only the two substances which are known to be ketogenic 
produce acetic acid. Since deuterio cholesterol is formed from the same 
two substances, their effect in cholesterol synthesis may well be the result 
of intermediary formation of acetic acid, which in turn is utilized for 
cholesterol synthesis. 

Acetic acid supplies carbon atoms for the nucleus as well as for the side 
chain of the cholesterol molecule (1). The cholesterol isolated after deu- 
terio leucine feeding was degraded into the isooctane-isooctene mixture 
corresponding to the cholesterol side chain and the polynuclear hydro- 
carbon CigHy. The isotope concentrations in the two fragments were 
almost equal, as was the case with cholesterol resulting from deuterio 
acetate feeding. This finding strengthens the view that a similar mech- 
anism is responsible for the appearance of deuterium in cholesterol, and 
that leucine is probably not a specific cholesterol precursor. 


EXPERIMENTAL 


Preparation of Deuterio dl-Leucine. Isocaproic Acid—Since pure iso- 
caproic acid can be separated only with difficulty from commercial mixtures 
of the isomeric acids, it was prepared by a modification of a method de- 
scribed by Braun (3). Isobutyraldehyde' was condensed with malonic 
acid and the resulting isopropylacrylic was hydrogenated. To 136 ml. of 
freshly distilled isobutyraldehyde were added 104 gm. (1 mole) of powdered 
malonic acid and 100 ml. of dry pyridine. The mixture was kept at room 
temperature for 12 hours, and was then heated under a reflux for 6 hours. 
The excess aldehyde was distilled off and the mixture refluxed again for 
l hour. The cooled reaction mixture was diluted with 3 volumes of water, 
made acid to Congo red with sulfuric acid, and extracted with ether. The 
solvent was removed from the dried ether solution and the residue was 
distilled in vacuo. The fraction distilling at 112-114° at 20 mm. of Hg 
was collected. 53 gm. of isopropylacrylic acid were obtained (47 per cent 
of theory). 35 gm. of the unsaturated acid were dissolved in 350 ml. of 
absolute ethanol and hydrogenated in the presence of active platinum. 
Distillation of the reduction product yielded 32 gm. of isocaproic acid, 
b.p. 103—104° at 13 mm. of Hg. 

Deuterio Isocaproic Acid—The isocaproic acid was converted into the 
sodium salt and exchanged with D,O in the presence of activated platinum 


1 We are indebted to Dr. Roland Kapp of the National Oil Products Company for 
supplying us with the isobutyraldehyde 
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in a sealed flask. The contents were shaken at 130° for 14 days. The 
isocaproic acid recovered contained 47.9 atom per cent excess of carbon- 
bound deuterium. 

Deuterio dl-leucine was prepared by bromination of the isotopic iso- 
caproic acid and treatment of the a-bromoisocaproic acid with ammonia 
(4). An over-all yield of 53 per cent, calculated for isocaproic acid, was 
obtained. N, Kjeldahl, found, 10.5 per cent; calculated for CsHs.2D4.sNOz, 
10.3 per cent. The compound contained 37.0 atom per cent excess deu- 
terium. Of the 13 hydrogen atoms of leucine, the 2 of the amino group 
and that of the carboxyl group must be non-isotopic. The remaining 10 


TaBie I 
Formation of Deuterio Acetyl Groups and Deuterio Cholesterol from Deulerio Compounds 











Compound fed | Acetyl 
SD — group of Cost | 
| uration | . | acetyl oef- | ~ 
Body . Cho- 
oO - phenyl- | ficient* of | 
experiment water | amino- utilization| lesterol 
| butyric 
acid 
ae, ee ee ee ‘a 4 i idhinnietsil SEE Oe ee 
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Sodium deuterio | 
acetate 1.55 27.6 | 8 | 0.07 | 2.00 15.6 0.20 
Deuterio di-leucine..| 1.13 | 48.1 | 16 | 0.15 | 2.50 5.1 | 0.56 
Sodium deuterio iso- | | 
valerate. . | 1.10 | 23.5 | 8 | 0.10 | 1.19 | 5.1 | 0.18 
Deuterio dl-valine. . 1.10 34.0 | 8 0.04 | 0.08 | 0.3 | 0.08 
Sodium deuterio iso- | 
butyrate 1.10 24.0 | 8 0.03 | 0.07 0.4 0.03 


t 


* Coefficient of utilization = D,./ng X mm X D;, where Dae = per cent deuterium 
in the acetyl group, nm, = total number of hydrogen atoms in the compound fed, 
D; = per cent deuterium in the compound fed. 


hydrogen atoms will, therefore, contain 37.0 X 13/10 = 48.1 atom per cent 
excess deuterium. As this value is almost identical with that found for 
the carbon-bound hydrogen of isocaproic acid, the hydrogen lost from the 
a-carbon atom of isocaproic acid by bromination must have had the same 
isotope concentration as the remainder of the carbon-bound hydrogen 
atoms. The catalytic exchange of isocaproic acid must, therefore, have 
led to fairly uniform distribution of deuterium along the carbon chain. 

In Table I, the isotope concentration of dl-leucine given is not that 
actually found, i.e. 37 per cent, but 48.1 per cent, 7.e. the deuterium con- 
centration of the 10 carbon-bound hydrogen atoms. This is justified be- 
cause in acetate formation only the carbon-bound hydrogen atoms need 
be considered. 
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Deuterio dl-Valine. Isovaleric Acid—The compound was prepared from 
isopropyl bromide and diethyl malonate according to Marvel and dy 
Vigneaud (5). For introduction of deuterium, sodium isovalerate was 
exchanged with D,O in the presence of activated platinum. The reaction 
mixture was shakeh at 130° in a sealed flask for 12 days. The isovalerie 
acid recovered contained 34.8 atom per cent excess deuterium. The deu- 
terio isovaleric acid was brominated and the bromo acid allowed to react 
with ammonia (6). N, Kjeldahl, found, 11.7 per cent; calculated for 
CsH7.3D3.7NOz, 11.7 per cent. The amino acid contained 24.7 atom per cent 
excess deuterium. As in the case of deuterio leucine, the 3 hydrogen atoms 
in the amino group and the carboxyl group must be non-isotopic. The 
carbon-bound hydrogen atoms will, therefore, contain 24.7 K 11/8 = 34.0 
atom per cent excess deuterium. This compares with a deuterium concen- 
tration of 34.8 per cent found for isovalerate; the rate of exchange must, 
therefore, have been roughly the same for all carbon-bound hydrogen atoms 
of isovaleric acid. The isotope concentration for valine given in Table Tis 
again that of the carbon-bound hydrogen atoms; 7.e., 34.0 atom per cent. 

Deuterio Isovalerate and Deulerio Isobutyrate—The isotopic isovaleric acid 
employed in the feeding experiment was prepared in the same manner as 
that used for valine synthesis. It was fed in the form of the sodium salt 
which contained 23.5 atom per cent excess deuterium. Isotopic isobutyrate 
was prepared from commercial isobutyric acid by exchange of the sodium 
salt with D,O in the presence of activated platinum. The mixture was 
shaken at 127° for 16 days and the sodium isobutyrate recovered con- 
tained 24.0 atom per cent excess deuterium. 

Feeding of dl-Deuterio Leucine to Mice—Twenty adult mice were placed 
in three groups on a stock diet containing 77 per cent starch, 6 per cent 
casein, 5 per cent yeast, 6 per cent Wesson oil, 2 per cent cod liver oil, 
2 per cent salt mixture (7). Each animal consumed about 3 gm. daily of 
this diet. In addition, each mouse received per day 40 mg. of dl-leucine 
containing 37.0 atom per cent excess deuterium and 75 mg. of sodium 
chloride, mixed with the stock diet. The sodium chloride was added in 
order to increase consumption of drinking water and thereby maintain the 
deuterium concentration of the body fluids at a low level. After 8 days 
ten mice of Group I were killed. A sample of body water was distilled 
from the tissues and cholesterol isolated from the pooled carcasses in the 
usual fashion. The body water contained 0.055 and the cholesterol 0.136 
atom per cent excess deuterium. 

The four mice of Group II were kept on the deuterio leucine-containing 
diet for 15 days, when they were killed. The body water contained 0.061 
atom per cent excess deuterium. Cholesterol was isolated from the pooled 
animal carcasses as the digitonide. The cholesterol regenerated from the 
digitonide contained 0.232 atom per cent excess deuterium. 
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The remaining six animals (Group III) were killed after they had re- 
ceived the deuterio leucine-containing stock diet for a period of 22 days. 
The body water of the pooled tissues contained 0.049 per cent D,. Choles- 
terol from the combined carcasses was isolated as the digitonide. The 
cholesterol digitonide contained 0.112 atom per cent deuterium excess, 
whereas the cholesterol contained 0.336 per cent. The finding that during 
the experimental period of 22 days the isotope concentration of cholesterol 
increases almost linearly reflects the slow metabolic turnover of cholesterol, 
in agreement with earlier results obtained in this laboratory (8). 

Feeding of dl-Deuterio Leucine to Rats—Three adult rats having an 
average weight of 300 gm. were kept on the same low protein (6 per cent 
casein) diet as described above. In addition, each rat received per day 
0.443 gm. of dl-deuterio leucine (37.0 atom per cent excess deuterium) 
and 0.300 gm. of sodium chloride, mixed with the stock diet. The animals 
were kept on this diet for a total period of 16 days. From the 12th to the 
15th day one of the rats was given daily, in addition, 0.300 gm. of dl- 
phenylaminobutyric acid. The urine of this animal was collected and the 
excreted acetyl-/-phenylaminobutyric acid was isolated as described in the 
foregoing paper (2). It contained 0.50 atom per cent deuterium; 7.e., 2.50 
per cent in the acetyl group. At the end of the feeding period the three 
rats were killed; a sample of body water was secured and cholesterol iso- 
lated from the pooled carcasses as the digitonide. After decomposition of 
the digitonide by pyridine-ether (9) 1.1 gm. of cholesterol were obtained. 
This cholesterol was converted into cholesteryl chloride. The latter con- 
tained 0.56 atom per cent deuterium excess. Cholesteryl chloride was 
degraded into the isooctane-isooctene mixture, as described earlier (1). 
The hydrocarbon mixture representing the cholesterol side chain contained 
0.50 atom per cent deuterium excess and the nuclear hydrocarbon Cj 9H, 
0.54 per cent. The average deuterium content of a compound composed 
of the fragments CsHjs and C9Hgo, as calculated from their isotope content, 
would be (18 X 0.50 + 30 X 0.54)/48 = 0.53 per cent. This agrees well 
with that of the cholesteryl chloride. 

Feeding of Deuterio Valine—Two rats weighing about 180 gm. each were 
kept on the same stock diet which was employed in the leucine experiment. 
In addition, each rat received daily 0.230 gm. of dl-deuterio valine con- 
taining 24.7 atom per cent excess deuterium for a period of 8 days. One 
of the rats was given 0.20 gm. of dl-phenylaminobutyric acid per day. 
Cholesterol was isolated from the carcasses and acetyl-l-phenylamino- 
butyric acid from the urine. The isotope concentrations in the isolated 
compounds are listed in Table I. 

Feeding of Deuterio Isovaleric and Deuterio Isobutyric Acids—The iso- 
topic fatty acids were administered to rats as the sodium salt added to the 
usual stock diet. The diet further contained 0.100 gm. of dl-phenylamino- 
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butyric acid per 100 gm. of rat weight. The deuterium concentrations 
of the isolated cholesterol and acetylphenylaminobutyric acids are listed in 
Table I. 

DISCUSSION 

In Table I are listed the isotope concentrations in cholesterol and in the 
acetyl groups of acetylphenylaminobutyric acid excreted after the admin- 
istration of the labeled test substances. It has been pointed out (1) that 
the presence in cholesterol of isotope in concentrations greater than half 
of that of the body fluids constitutes evidence for the utilization of the 
test substance in cholesterol synthesis. After the administration of deu- 
terio leucine the concentration of isotope in the cholesterol was almost 
4 times that in the body fluids; when deuterio isovalerate was fed, the 
corresponding ratio was nearly 2. The values resulting from the feeding 
of labeled valine or isobutyric acid are too low to be considered significant. 
Since leucine was given over twice as long a period as acetate or isovalerate, 
the relative efficiencies of the various compounds cannot be compared 
directly. It is permissible, however, to assume that after a period of 8 
days the cholesterol in the leucine experiment contained roughly half of the 
isotope concentration which was found after 16 days.* Intermediary ace- 
tate formation from leucine and isovaleric acid, which is evident from the 
high deuterium concentrations in the acetyl groups, can account satis- 
factorily for the effect given by these compounds in cholesterol synthesis. 
This relation is illustrated by the ratio of isotope concentrations in the 
acetyl group to that in cholesterol. The quantities of deuterio acetate 
formed from leucine and isovaleric acid seem adequate to produce choles- 
terol with the observed concentrations. 

As in experiments in which acetate was fed, the isotope in cholesterol 
following administration of deuterio leucine is distributed fairly evenly over 
the side chain and the nucleus. With regard to the possibility that leucine, 
aside from being a source of acetate, also supplies the isopropyl group of 
the cholesterol side chain or the angular methyl groups, it must be pointed 
out that, as the five methyl groups contain only 15 out of a total of 46 
hydrogen atoms in the cholesterol molecule, such an effect might not be 
detectable in our data. 

The equivalence of leucine and isovaleric acid with respect to acetate 
formation supports the hypothesis that degradation to isovaleric acid is a 
step in the normal metabolism of leucine. The present findings demon- 
strate the formation of acetic acid as a normal breakdown product of 
leucine and of isovaleric acid but do not indicate whether acetoacetate is 
an intermediate. In order to evaluate the analytical data, it will be useful 


? This is the case in the experiment in which mice were used. 
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to consider the coefficient of utilization defined in the foregoing paper (2). 
This coefficient, which is a measure of efficiency of acetyl formation, when 
calculated for the 9 carbon-bound hydrogen atoms of isovaleric acid, is 
5.1 and has an identical value for the corresponding 9 hydrogen atoms of 
leucine. Since the coefficient has a value of 15.6 for acetic acid itself, a 
value of 5.1 for leucine and isovaleric acid is taken to mean that of the 
9 hydrogen atoms under consideration 3 appear as acetic acid. These 
facts, which indicate that 1 mole of acetic acid is formed from leucine, are 
compatible with the view that isovaleric acid is an intermediate in its 
degradation. As leucine was administered as the racemic compound, this 
hypothesis is valid for both isomers. The inversion of d-leucine in vivo 
is well established (10). The formation of acetic acid from leucine could 
conceivably result from either of two processes shown in the accompanying 
The steps involved in the degradation of isovaleric acid to acetic 
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acid must in both cases lead to a loss of carbon-bound deuterium. If 
demethylation of the isopropyl group takes place and acetoacetate is an 
intermediate (Pathway A), then isovaleric acid would be expected to yield 
acetate to the same extent as butyric acid, and it should have a coefficient 
of utilization intermediate between those found for a,6- and 8, y-dideuterio 
butyric acids (2). In this case, 5 of the 9 hydrogen atoms, namely those 
at the a- and y-carbon atoms, will remain for acetate formation, and on 
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this basis the coefficient of utilization becomes 9/5 X 5.1 = 9.18. If aceto- 
acetate were the intermediate, the coefficient should fall between the values 
3.8 and 7.6 found in Experiments 4 and 5 of the paper just cited. 

The second process (Pathway B) postulates the formation of 1 mole each 
of acetone and acetic acid. According to this scheme the acetoacetic acid 
arising from isovaleric acid in ketosis would have to be formed by the well 
recognized (11) condensation of 2 moles of acetate. Only the 2 hydrogen 
atoms in the a position of isovaleric acid could appear in the acetic acid, 
and the coefficient of utilization would be 9/21 X 5.1 = 22.9, which is 
greater than that (15.6) calculated for acetic acid itself. Neither one of 
the two schemes explains satisfactorily the large production of acetate 
from isovaleric acid. Pathway B would conform with experimental data 
only if the acetone were to break down in vivo to acetic acid. In the 
absence of such evidence no decision can be made as to whether one of the 
two pathways mentioned, or a different one, is involved. 

The failure of valine and isobutyric acid to yield acetyl as well as choles- 
terol is consistent with the known glycogenic action of these compounds, 
\ccording to Rose ef al. (12), 3 out of the 5 carbon atoms of valine are 
converted to glycogen. Formation of pyruvate as an intermediary step 
in this conversion is improbable, since pyruvate is at least partly converted 
to acetyl. Propionic acid is a possible intermediate in isobutyric degrada- 
tion, since it is incapable of producing acetic acid (2). 


SUMMARY 


1. The preparation of dl-deuterio leucine, dl-deuterio valine, deuterio 
isovaleric acid, and deuterio isobutyric acid is described. 

2. Cholesterol isolated from rats which had received labeled leucine or 
isovaleric acid contained appreciable concentrations of deuterium, but only 
normal hydrogen when labeled valine or isobutyric acid was fed. 

3. When phenylaminobutyric acid was administered simultaneously with 
labeled leucine or isovalerie acid, the excreted acetyl derivative of the 
amino acid contained a high isotope concentration, demonstrating that 
these two compounds were degraded to acetic acid. Labeled valine and 
isobutyric acid do not form deuterio acetyl groups. It is suggested that 
the effect of leucine and isovaleric acid shown in cholesterol synthesis is not 
specific but due to intermediary acetate formation. 

4. From quantitative data it is concluded that isovaleric acid is an inter- 
mediate in the oxidative breakdown of leucine. 


The author is indebted to Mr. M. M. K. Zung for valuable assistance 
during the course of this work. 
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EFFECT OF IRON ON CARBOHYDRATE METABOLISM OF 
CLOSTRIDIUM WELCHII* 


By ALWIN M. PAPPENHEIMER, Jr., anp ELEANOR SHASKANt 


(From the Department of Bacteriology, New York University College of Medicine, 
New York)t 


(Received for publication, June 2, 1944) 


During the course of a study on factors underlying growth and toxin 
production by Clostridium welchii, it was observed that, when the con- 
centration of iron in the medium was suboptimal for growth, more acid 
was produced than when iron was present in excess. This observation 
was confirmed by rough estimation of the total titratable acid produced 
from glucose during growth of Clostridium welchii in media containing 
varying amounts of iron and suggested that the nature of the fermentation 
reaction might be dependent upon the amount of iron present. It was, 
therefore, of some interest to study the glucose metabolism of this organism 
in some detail, under conditions in which the sole variable in the medium 
was iron. 

Few careful studies on carbohydrate metabolism of pathogenic bacteria 
have been reported in the literature. Friedemann and Kmieciak (1) 
studied the breakdown products from glucose formed after growth of a 
number of pathogens in complex media. For Clostridium welchii, lactic 
acid, acetic acid, ethyl alcohol, carbon dioxide, and hydrogen were the 
principal fermentation products and some butyric acid was found. The 
quantities of these substances which they determined accounted for 60 
to 72 per cent of the carbon consumed. Slade et al. (2), using washed 
suspensions of Clostridium welchii, also reported ethyl alcohol, lactic, 
acetic, and butyric acid production from glucose. They did not measure 
gas production and their data accounted for only 20 per cent of the carbon. 
In both of the above studies the possible effect of iron on the carbohydrate 
metabolism was not considered. 


* Part of the work described in this paper was done under a contract, recommended 
by the Committee on Medical Research, between the Office of Scientific Research and 
Development and New York University. 

t Part of the work reported in this paper was carried out by Eleanor Shaskan in 
partial fulfilment of the requirements for the degree of Doctor of Philosophy at New 
York University. 

t Part of this work was carried out at the Department of Bacteriology, Harvard 
Medical School. We are indebted to Dr. J. Howard Mueller for making the facilities 
of his laboratory available to one of us. 
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Culture Methods 

The fermentation of glucose was studied (1) by examining the products 
formed in whole culture on a medium of defined composition containing 
varying amounts of iron, and (2) by comparing the products formed from 
glucose when washed suspensions of organisms grown on a medium deficient 
in iron are used with organisms cultivated in the same medium containing 
an excess of iron. 

Cultures—Two strains of Clostridium welchii were used in this study, 
The PB6K strain was obtained from the National Institute of Health, 
and a stock strain of unknown origin was obtained from the Department 
of Bacteriology, Harvard Medical School. The PB6K strain was main- 
tained by daily transfer in gelatin hydrolysate medium described below. 
The “Harvard” strain was maintained in chopped meat broth. 

Media—Two types of media were used for this study. The first con- 
tained a complete acid hydrolysate of purified gelatin as a base, while the 
other contained casamino acids (Difco) supplemented with tryptone 
(Difco). The gelatin hydrolysate medium was preferred for the study 
of products formed in whole cultures, since blank determinations were 
very small. Somewhat heavier growth occurred with the casein hydroly- 
sate medium which, however, contained a considerable amount of lactic 
acid, carbohydrate, and other impurities. The casein hydrolysate medium 
proved satisfactory for preparing washed suspensions of organisms. 

Gelatin Hydrolysate Medium—Eastman’s ‘‘ash-free’’ gelatin was refluxed 
for 24 hours with 5 n sulfuric acid and the sulfate removed with barium 
hydroxide. After the material was decolorized with charcoal, the hydroly- 
sate was made up as a stock solution so as to contain 22 mg. of nitrogen 
per ce. 

200 ec. of stock gelatin hydrolysate, 25 mg. of tryptophane, 100 mg. of 
tyrosine, 200 mg. of di-methionine, 3 gm. of glutamic acid, 10 gm. of sodium 
glycerophosphate, and 1 gm. of potassium acid phosphate are brought 
to about 500 cc. with distilled water and the pH adjusted to 7.6 with 5 N 
sodium hydroxide. 2 cc. of a 10 per cent solution of calcium chloride are 
added and after the preparation is heated to boiling the precipitated calcium 
phosphate is filtered and the filtrate tested for iron with a,a’-bipyridine. 
If any iron is present, the calcium phosphate precipitation is repeated until 
no appreciable pink color is formed with the bipyridine reagent (less than 
0.04 y of iron per cc. as determined in the Coleman spectrophotometer). 
After the material is cooled, 10 mg. of adenine sulfate, 10 mg. of uracil, 
1 ec. of salt mixture (containing 50 mg. of copper sulfate (CuSO,-5H,0), 
50 mg. of zine sulfate (ZnSO,-7H,O), and 20 mg. of manganese chloride 
(MnCl,-4H,0) per 100 cc.), 1 ec. of 10 per cent magnesium sulfate (MgSO,- 
7H,0), 0.2 ec. of 20 per cent cystine hydrochloride, and 1 ec. of accessory 
factors (20 mg. of nicotinic acid, 20 mg. of calcium pantothenate, 20 mg. 
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of pyridoxine, 10 mg. of thiamine, 5 mg. of riboflavin, and 0.01 mg. of 
biotin per 20 cc.)' are added and the medium made up to such a volume that 
the addition of the remaining components will bring it to exactly 1 liter. 
The medium is then distributed in 4 ounce acid-cleaned bottles and auto- 
claved at 10 pounds pressure for 10 minutes. Before inoculation 10 ce. 
of sterile 10 per cent glucose, 1 ec. of 1 per cent thioglycolie acid, 1 to 5 ec. 
of a solution containing the desired amount of ferrous sulfate (FeSO,- 
7H.O), and 2.5 cc. of a 6 hour culture of the PB6K strain of Clostridium 
welchii grown on the same medium are added to bring the volume to 100 
ec. per bottle. 

Casein Hydrolysate-Tryptone Medium—20 gm. of casamino acids (Difco), 
20 gm. of tryptone (Difco), 6 gm. of sodium glycerophosphate, 4 gm. of 
potassium acid phosphate, 200 mg. of magnesium sulfate, 2 gm. of sodium 
chloride, and 0.3 ec. of 20 per cent cystine hydrochloride are brought to 1 
liter with distilled water and adjusted to pH 7.6 to 7.8. 4 cc. of 10 per 
cent calcium chloride are added, and the medium brought to boiling and 
filtered. The calcium chloride treatment is repeated if necessary until 
a negative test for iron is obtained with bipyridine. The medium is then 
made up to 2 liters with distilled water and 2 cc. of addition mixture con- 
taining the B vitamins listed above are added. 800 cc. of medium are 
placed in each of two acid-cleaned 1 liter Erlenmeyer flasks and the re- 
maining medium is distributed in test-tubes measuring 2.5 by 15 em. 
Before inoculation, 10 cc. of 50 per cent glucose, 0.1 cc. of thioglycolic acid, 
and the desired quantity of ferrous sulfate are added for each liter of 
medium. The inoculum consists of 10 ce. of a 6 to 9 hour culture of Clos- 
tridium welchit grown on the same medium. 

Estimation of Growth—Growth was measured by turbidity in the Coleman 
universal spectrophotometer at 650 my and estimated as mg. of bacterial 
nitrogen per 100 cc. from a curve plotted with dilutions of a standard 
suspension of known bacterial nitrogen content. 

Determination of Iron in Culture Medium—The pink color developed 
with bipyridine after reduction with sodium hydrosulfite or ascorbic acid 
was measured in the spectrophotometer at 515 mu. 


Analytical Methods 


Gas Production—Carbon dioxide and hydrogen were determined separ- 
ately in the Warburg apparatus. To each vessel were added 1 cc. of asus- 
pension of Clostridium welchit containing 0.16 to 0.2 mg. of bacterial 
nitrogen per cc., 0.5 ec. of 0.2 m phosphate buffer at pH 7, and sufficient 
distilled water so that the total volume including that in the side arms was 
exactly 2.1 ce. After equilibration under oxygen-free nitrogen in the 


‘The authors are grateful to Merck and Company, Inc., for generous samples 
of B vitamins used in this work. 
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water bath at 35°, 0.01 mm of glucose was tipped in from one side arm. 
Hydrogen was estimated after the carbon dioxide evolved was absorbed 
with 20 per cent sodium hydroxide placed in the center cup. Carbon 
dioxide was determined by subtracting the hydrogen evolved from the 
total gas produced, including the carbon dioxide liberated by tipping in 
0.1 ec. of 40 per cent phosphoric acid from one side arm at the end of the 
experiment. Correction was made for initially bound carbon dioxide, 
The residual liquid was analyzed for lactic acid colorimetrically and the 
values so obtained closely checked those from the macro experiments. 
Control vessels without glucose consistently gave negative results. 

Lactic Acid—In the experiments with washed organisms, lactic acid 
was determined colorimetrically with p-hydroxydipheny] according to the 
method of Barker and Summerson (3). The color was read in the spectro- 
photometer at 560 mu. Lactic acid in the culture supernatants was deter- 
mined by the Friedemann and Graeser method (4) with the apparatus de- 
scribed by West (5). Recovery of lactic acid was about 96 per cent by this 
method and duplicates usually checked within 2 to 5 per cent. 

Residual Glucose—Glucose was determined by the Stiles, Peterson, and 
Fred modification of the Shaffer-Hartmann method (6). 

Volatile Acids—A suitable aliquot was acidified to Congo red with 
phosphoric acid and was steam-distilled until the distillate no longer con- 
tained significant quantities of acid. The total volatile acids were esti- 
mated with 0.04 nN sodium hydroxide and after they were concentrated to a 
small volume on the water bath the solution was again acidified and re- 
distilled with steam. The individual acids were then determined by parti- 
tion in isopropyl ether by the method of Osburn and Werkman (7). 

Alcohol—Suitable aliquots of the fermentation mixture were distilled 
over mercuric oxide (HgO) and mercurous sulfate (Hg.SO,). The distillate 
was made alkaline to brom-thymol blue and redistilled over mercuric 
oxide into a volumetric flask. Aliquots of the final distillate were treated 
with standard potassium dichromate at 85° for 1 hour and the equivalents 
of dichromate used up were determined by titration with thiosulfate with 
potassium iodide and starch as indicator. No attempt was made to 
identify the individual alcohols and the results were calculated as ethyl 


aleohol. 


Experiments and Results 


Iron Content of Clostridium welchit Cells—During growth of Clostridium 
welchii the iron present in the culture is taken up quantitatively by the cells 
and no iron can be detected in the culture supernatant until its concentra- 
tion surpasses the optimum for growth. Table I shows the effect of adding 
iron to casamino acid-tryptone medium containing 0.4 per cent maltose. 
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It will be noted that no iron could be detected in the culture supernatant 
until its concentration was in excess of about 0.6 mg. per liter and that the 
iron content of the cells varied from about 0.0005 mg. of iron per mg. of 
bacterial nitrogen to a maximum of 0.0039 mg. of iron per mg. of bacterial 
nitrogen (0.007 to 0.05 per cent iron on a basis of dry weight of bacteria). 
The organisms themselves turn bright pink when treated with bipyridine. 
Since these results were obtained, data on the assimilation of iron by various 
other species have been reported by Waring and Werkman (8). 

Effect of Iron on Lactic Acid Production—These experiments were carried 
out with gelatin hydrolysate medium containing 0.8 and 1.0 per cent 
glucose, from which the iron had been removed as completely as possible 
(that is, had been reduced to about 0.03 to 0.05 mg. per liter). Before 


TABLE | 
Effect of Increasing Iron Content of Medium on Iron Content of Clostridium 
welchii Cells 


Casamino acid-tryptone medium containing 0.4 per cent maltose. 


} 











an content of medium Iron in wy super- | Growth, bee tate N per | papal) 
TF eaittics - 
mg. per l. mg. per I. mg. | mg. 
0.04 (Ca.) <0.03 8.2 0.0005 (Ca.) 
0.13 <0.03 13.3 0.0010 
0.23 <0.03 14.3 | 0.0016 
0.33 <0.03 16.0 0.0021 
0.43 <0.03 16.2 0.0027 
0.53 <0.03 16.8 0.0032 
0.73 0.13 16.7 0.0038 
0.93 0.27 16.9 0.0039 
1.13 0.50 16.0 0.0039 


2.13 1.47 17.0 0.0039 


inoculation, ferrous sulfate equivalent to 0.0, 0.1, 0.5, 1.0, and 2.0 mg. of 
iron per liter was added to each of a series of bottles containing the medium. 
After 36 hours incubation at 37°, the growth, residual glucose, and lactic 
acid were determined for each culture. Fig. 1 shows the effect of iron on 
lactic acid production. Each point represents the average of more than 
four separate experiments. The points at zero iron added represent re- 
sults obtained after removal of as much of the iron from the medium as 
possible. It can be seen that as the iron content is decreased the lactic 
acid production approaches 2 moles per mole of glucose fermented. This 
limit is a hypothetical one, since no growth occurs in the complete absence 
of iron. 

Fermentation of Glucose by Washed Organisms—-Complete carbon balances 








270 IRON IN CARBOHYDRATE METABOLISM 
from glucose were carried out in duplicate with washed suspensions of 
Clostridium welchii grown in media containing high and low concentrations 
of iron. The details of only one complete experiment will be given here, 

Two flasks, A and B, each containing 800 cc. of casamino acid-tryptone 
medium were inoculated with 10 cc. of a 12 hour culture of the “Harvard” 
strain of Clostridium welchit grown on the same medium. Before inocula- 
tion 0.1 ce. of thioglycolic acid and 8 cc. of 50 per cent glucose were added 
to each flask. The iron content of Flask A was approximately 0.04 mg. 
of iron per liter. 5 cc. of 0.1 per cent ferrous sulfate were added to Flask 
B (1.25 mg. of iron per liter). After 12 hours at 35° the flasks were removed 
from the incubator. The pH of Flask A was 4.7 and the growth equivalent 








Mols lactic acid produced 
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maximum growth obtainable with excess iron in the medium. The solid line repre- 


sents moles of lactic acid produced per mole of glucose utilized. 


to 8.2 mg. of bacterial nitrogen per 100 ec. The pH of Flask B was 4.9 
and the growth 14.0 mg. of bacterial nitrogen per 100 cc. Each culture 
was centrifuged in acid-cleaned Pyrex vessels and washed once with boiled 
saline, after which the organisms with low iron content were made up toa 
turbidity equivalent to 2.58 mg. of bacterial nitrogen per cc. (Suspension 
A) and with high iron to 2.62 mg. of bacterial nitrogen per cc. (Suspension 
B). The suspensions were used immediately both in the Warburg ex- 
periments as described and in macro experiments as described in the follow- 
ing. 
The fermentations were carried out in 250 ec. conical flasks fitted with a 
ground glass stopper through which were sealed two glass tubes, one of 
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which passed to the bottom. Both tubes were fitted with stop-cocks. 
To Flask A were added exactly 50 cc. of 0.2 m phosphate buffer at pH 7, 
5 cc. of 0.4 mM glucose (2.0 mm), 10 cc. of Suspension A, and 35 ec. of distilled 
water. To Flask B were added 50 cc. of 0.2 m phosphate buffer, 10 cc. of 
0.4 m glucose, 15 cc. of Suspension B, and 40 cc. of distilled water. Both 
flasks were then flushed out for 5 to 10 minutes with oxygen-free nitrogen 
and then quickly evacuated on the water pump. The stop-cocks were 
closed and the fermentation was allewed to proceed for 20 hours at 35°. 


Tase II 
Effect of Iron on Glucose Fermentation by Washed Suspensions 
Low iron High iron 

Experiment 1 Experiment 2 ae | Sapa 

Bacterial iron content (Fe per 
mg. bacterial N), mg.. 0.0005 (Ca.) | 0.0005 (Ca.) | 0.0039 | 0.0039 

Glucose fermented, mar. 1.00 | 1.00 1.00 | 1.00 
Lactic acid, mm..... 1.73 1.60 0.42 | 0.33 
Total volatile acids, ma.. 0.06 0.24 0.88 0.94 
Acetic acid, mm (0.04) (0.15) 0.56 0.60 
ies | (0.02) (0.09) | 0.32 0.34 
Aleohol (as ethanol), ma | 0.025 0.10 | 0.16 | 0.26 
Carbon dioxide, mar....... | 0.33 0.24 11.35 | 1.76 
Hydrogen, mM...... 0.38 0.21 1.93 2.14 
Carbon recovery, %... 95.5 98 89.2 197.3 


The results are given as mm of product per mm of glucose fermented. Hydrogen 
and oxygen recoveries from low iron fermentation were 96 to 100 per cent. The 
hydrogen and oxygen recoveries with high iron, after correction for lactic acid pro- 
duetion, were greater than 100 per cent and indicated that 1 molecule of water enters 
into the acetic-butyric acid fermentation. The values in parentheses were uncertain 
owing to the small quantities involved. 


At the same time similar buffered suspensions were incubated without glu- 
cose, to serve as controls. 

After 20 hours incubation, 10 cc. of 30 per cent metaphosphoric acid were 
added to each flask. The suspensions were centrifuged and each super- 
natant was collected and analyzed for residual glucose, lactic acid, volatile 
acids, and alcohol. The results of two complete experiments are shown 
in Table II. The results from the control determinations without glucose 
are not included in Table II since the yields in every case were too small 
to be of significance. The yields of lactic acid from glucose produced by 
washed suspensions are in good agreement with those obtained from whole 
cultures. Thus, with cells grown on a medium containing excess iron, 
yields of 0.33 and 0.42 moles of lactic acid per mole of glucose were ob- 
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tained. The average of seventeen experiments on supernatants of whoie 
cultures yielded 0.46 mole with a variation from about 0.3 to 0.5 mole of 
lactic acid produced per mole of glucose fermented. The iron-deficient 
cells yielded 1.6 and 1.73 moles of lactic acid per mole of glucose fermented, 
compared with an average of 1.66 moles produced by four cultures grown 
in deferrated gelatin hydrolysate medium. From preliminary results it 
would appear that volatile acid production by whole cultures will also 
check the results with washed suspensions, suggesting that carbohydrate 
fermentation is the sole source of these products in the defined medium, 

With the exception of butyric acid production, the yields of the various 
products from glucose by organisms of high iron content agree fairly well 
with those reported by Friedemann and Kmieciak (1). The medium 
used by them apparently contained close to the optimal iron concentration. 
Friedemann and Kmieciak’s vields of butyric acid were very much lower 


than ours. 
DISCUSSION 


According to Kubowitz (9), all fermentations in which free hydrogen is 
concerned are inhibited by carbon monoxide. In particular, Kubowitz 
showed that the fermentation of glucose by washed suspensions of Clos- 
tridium butyricum, from which acetic and butyric acids are normally 
produced, is shifted towards a pure lactic acid type of fermentation when 
the process is allowed to take place under carbon monoxide. Relatively 
high concentrations of cyanide (10~* m) tend to cause a shift in metabolism 
in the same direction. The results here reported show that a similar change 
in metabolism of Clostridium welchii may be brought about by reducing 
the iron content of the bacteria. Provided the medium contains an excess 
of iron, the principal fermentation products from glucose are acetic, butyrie, 
and lactic acids, ethyl alcohol, and considerable quantities of carbon dioxide 
and hydrogen. On the other hand, when C1. welchii is grown on a medium 
deficient in iron, the fermentation process is a far less efficient one and lactic 
acid is the chief end-product. Organisms of low iron content produce 
minimal quantities of gas and of acetic and butyric acids, whereas the 
yield of lactic acid from glucose under these conditions may be increased 
more than 5-fold. Since lactic acid is an end-product and since added 
lactic may be recovered unchanged from cultures of Cl. welchit grown in 
the presence of excess iron, it would appear that two separate mechanisms 
exist for the breakdown of glucose. One of these would require the 
presence of a considerable amount of an iron-containing enzyme. Both 
mechanisms presumably act simultaneously, but the extent to which a 
given pathway is followed is dependent upon the concentration of iron- 
containing enzyme within the cell. In all probability, it would be this 
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iron-containing enzyme which is inhibited by carbon monoxide and cyanide 
in the experiments of Kubowitz referred to above. 


Glucose —————> intermediate —————> 2 lactic acid 
\ 
Fe \.enzyme 
Acetic acid 
Butyric acid 
Alcohol 
Hydrogen 
Carbon dioxide 


Further work is necessary to determine the existence and nature of such 
an iron-containing enzyme and the reaction which it catalyzes. The 
intermediate in the accompanying scheme may well be pyruvic acid or a 
derivative thereof, since Kubowitz (9) demonstrated that the same shift 
towards lactic acid production under carbon monoxide occurs with pyruvate 
as substrate as with glucose. 

It is generally supposed that strict anaerobes, such as the Clostridia, 
do not possess the cytochrome system (10). The enzyme postulated above 
must, therefore, contain iron in some other form. There is some evidence 
that the iron is loosely bound in the postulated enzyme in a manner com- 
parable to magnesium in the thiamine-containing enzymes. In the first 
place, lactic acid and gas production by washed organisms, as well as 
growth in defined media, are completely inhibited by 0.002 m bipyridine. 
This suggests that iron is not present as a hemin derivative. It also infers 
that iron may enter into some other step in the scheme of glucose break- 
down besides the reaction leading to acetic and butyric acid formation. 
This inhibitory action of bipyridine on Clostridium welchit stands in con- 
trast to its effect on aerobic organisms known to contain the cytochrome 
system. Growth and metabolism of the diphtheria bacillus, for example, 
are apparently unaffected by bipyridine.2. Secondly, the acetic acid- 
butyric acid fermentation by washed suspensions of Clostridium welchit 
is relatively insensitive to cyanide and the shift to the lactic acid type of 
fermentation is only partial even in the presence of 0.001 mM potassium 
cyanide. Finally, preliminary experiments have indicated that the same 
effect does not occur when inorganic iron is replaced by hemin or by other 
metals such as manganese and copper. 

When iron is added to washed suspensions deficient in iron, lactic acid 
remains the chief end-product. However, as the fermentation proceeds, 
there is a small but definite acceleration in the carbon dioxide and hydrogen 
production and the final yield of lactic acid is somewhat lowered. 


* Pappenheimer, A. M., Jr., unpublished experiments 
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One of the common reactions used for the identification of Clostridium 
welchii is its ability to produce the so called “stormy fermentation” in 
milk. In order to obtain consistent and characteristic reactions, the 
addition of iron has been recommended (11). The significance of this 
finding is clear from the present results, since milk is known to be deficient 
in iron. 

So far as we are aware, there have been no previous studies on the effeet 
of iron on carbohydrate metabolism of pathogenic bacteria reported in the 
literature. It has been recently shown that carbohydrate utilization and 
gas formation by a strain of the tetanus bacillus are increased with in- 
creasing iron concentration in the medium.’ On the other hand, it has 
been known for some time that traces of iron exert an important influence 
on the yields of various other metabolic products, notably bacterial toxins, 
Thus maximum yields of porphyrin and toxin by the diphtheria bacillus 
(12) and of tetanus toxin by most strains of the tetanus bacillus (13) are 
obtained only under conditions of relative iron deficiency. In the present 
experiments with Clostridium welchii, iron concentrations necessary for 
maximum toxin (lecithinase) production, maximum growth, and minimum 
lactic acid production coincided. Provided the medium is suitable for 
toxin production, the yield of toxin or lecithinase closely parallels the 
change in metabolism. The relationship between the lecithinase produc- 
tion and carbohydrate metabolism is not a direct one, however, since the 
shift to a lactic acid type of fermentation at low iron concentration occurs 
equally well under conditions otherwise unsuitable for lecithinase produc- 
tion (that is, in the absence of toxin-promoting factor). 

It may be remarked in closing this discussion, that carbohydrate metab- 
olism, lecithinase production, and growth of Clostridium welchii are not 
the only factors dependent upon the concentration of iron in the medium. 
The morphology of the organisms is markedly altered as well. Organisms 
of low iron content are elongated, curved, and entirely atypical. As their 
iron content increases, there is a gradual transition to the typical morpho- 
logical structure, which parallels the altered metabolism. Further work 
is in progress on this phase of the problem. 


SUMMARY 


The products obtained from the breakdown of glucose by Clostridium 
welchii depend upon the iron content of the cells. 

As the iron content is decreased, the reaction shifts from a predominantly 
acetic-butyric acid type with production of large amounts of carbon dioxide 
and hydrogen towards a more purely lactic acid type of fermentation with 


? Mueller, J. H., and Pickett, M. J., personal communications. 
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slight gas formation. Under the conditions of these experiments the iron 
concentration necessary for maximum growth, optimum toxin production, 
and minimum lactic acid production is identical. A progressive change in 
morphology accompanies decreased cellular iron content and parallels the 
change in metabolism. 


One of us (A. M. P., Jr.) is greatly indebted to Dr. Morris J. Pickett of 
the Department of Bacteriology, Harvard Medical School, without whose 
advice and assistance this work would not have been completed. 
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THE DETERMINATION OF PHENYLALANINE IN PROTEINS* 


By W. L. BROWN 


(From the Department of Chemistry, Georgia Agricultural Experiment 
Station, Experiment) 


(Received for publication, May 29, 1944) 


In an attempt to use the modification of the Kapeller-Adler reaction (1) 
for the determination of phenylalanine, described by Block and coworkers 
(2, 3), we have found, in agreement with Knight and Stanley (4), that 
tryptophane interferes. These authors corrected for the interference by 
subtraction from the colorimeter reading of the unknown a value corre- 
sponding to the amount of tryptophane present in the aliquot of solution 
taken for analysis. In our experience the amount of color produced by 
phenylalanine may vary somewhat from day to day, so that for greatest 
accuracy it would be necessary to redetermine the correction for trypto- 
phane each time phenylalanine is determined. 

The use of acid for hydrolysis might at first glance appear to be desirable, 
in that tryptophane would be destroyed simultaneously. Block eé al. (3) 
have pointed out that phenylalanine is destroyed to a certain extent when 
acid is used for hydrolysis. But even if this loss of phenylalanine by acid 
hydrolysis is taken into consideration, their results for different hydrolytic 
agents recalculated on this basis are not in agreement with each other. 
This probably indicates that the destruction of tryptophane was neither 
uniform nor complete in all cases. 

A more desirable method would include the removal of tryptophane from 
the aliquots of the protein hydrolysate before the phenylalanine is nitrated. 
It appeared that this might be accomplished satisfactorily by means of the 
well known precipitation with mercuric sulfate. 


EXPERIMENTAL 
Reagents— 
Sodium hydroxide, approximately 5 Nn. 
Kaolin. 


Sulfuric acid, approximately 7 N. 

Mercuric sulfate solution, 15 per cent; 30 gm. of mercuric sulfate are 
placed in a 200 ml. flask and 80 to 90 ml. of 7 N sulfuric acid are added, fol- 
lowed by 30 ml. of distilled water. The flask is shaken until the solid is 
completely dissolved and the solution is then made to 200 ml. with 7 n 
sulfuric acid. The solution may be filtered if necessary. 


* Published with the approval of the Director as paper No. 130, Journal Series. 
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Celite Analytical Filter-Aid, Johns-Manville. 

Nitrating mixture. Dissolve 20 gm. of powdered potassium nitrate ip 
100 ml. of concentrated sulfuric acid. 

Hydroxylamine hydrochloride; 30 gm. of hydroxylamine hydrochloride 
dissolved in 100 ml. of distilled water. 

Ammonium hydroxide, concentrated. 


Procedure 


A gm. of protein is hydrolyzed under a reflux in an oil bath at 125° with 
16 ml. of 5 n sodium hydroxide. A 2.5 X 20cm. Pyrex test-tube fitted with 
a “cold finger” made of a 1.5 X 15 cm. test-tube, rubber stopper, and glass 
tubing is used for this purpose (5,2). In order to obtain complete hydroly- 
sis the solution is heated for 24 hours. If peptides are present, these are also 
precipitated by mercuric sulfate. At the end of the period of hydrolysis, 
24 ml. of 7 N sulfuric acid are slowly added to the hot solution with stirring. 
The condenser is washed down and the amino acid solution is transferred to 
a 100 ml. volumetric flask. After the cooled solution is made to volume 
with distilled water, 400 mg. of kaolin are added, the suspension is shaken 
well, and the solution is centrifuged and filtered through dry filter paper 
If filtration is slow, the filter is covered with a watch-glass to prevent 
evaporation. 

Four aliquots of the filtrate, containing approximately 1.5 to 2 mg. of 
phenylalanine, are pipetted into 40 ml. graduated centrifuge tubes. Water 
is added to the 20 ml. mark. Then 6 ml. of the 15 per cent mercuric sulfate 
solution are added and the tubes are placed in a gently boiling water bath 
for 10 minutes. The solutions are allowed to cool and 4 ml. of 7 n sulfuric 
acid are added. The solutions are diluted to the 40 ml. mark with water, 
20 mg. of Celite are added, and the contents mixed and centrifuged for 5 
minutes. The supernatant solution is decanted carefully from the trypto- 
phane-mercuric sulfate complex and Celite into a 50 ml. centrifuge tube, 
drained, and the lip rinsed with a few drops of distilled water. 

The mercury is precipitated from the supernatant solution with hydrogen 
sulfide, centrifuged, and filtered. The precipitate remaining in the centri- 
fuge tube is mixed with 12 ml. of distilled water, a drop of 7 n sulfuric acid 
added, and hydrogen sulfide is bubbled through again. After the precipi- 
tate is centrifuged, the washings are decanted through the same filter. 

The excess sulfuric acid is removed by the addition, with stirring, of 
about 8 gm. of barium hydroxide (octahydrate) dissolved in 10 ml. of hot 
distilled water. The solution should remain acid to Congo red paper. By 
using 1 X 8 mm. strips of indicator paper, losses of phenylalanine absorbed 
by the paper are insignificant. At this point the volume should be small 
enough for the solution and precipitate to be transferred quantitatively into 
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a 100 ml. centrifuge tube. After being centrifuged, the supernatant solu- 
tion is decanted through a filter. The residue of barium sulfate is rubbed 
and washed thoroughly with 50 ml. of hot distilled water containing a drop 
of sulfuric acid and a drop of capryl alcohol. The tubes are centrifuged 
and the supernatant solution decanted through the filter. The washing and 
centrifuging are repeated with 40 ml. of hot distilled water and a drop of 7 
w sulfuric acid. 

The filtrate and washings of each aliquot are evaporated to dryness in 7 
em. porcelain dishes on the steam bath. After being cooled, 4 ml. of the 
nitrating mixture are added to each dish and the dishes are warmed on the 
steam bath for 20 minutes. While still hot, the nitrated solutions are 
transferred to 50 ml. stoppered graduated Pyrex cylinders. If small por- 
tions of water are used for washing, the final volume in the cylinders can be 
kept to a maximum of 18 to 20 ml. 

The solutions are cooled in ice water to 0°. When cold, 5 ml. of 30 per 
cent hydroxylamine hydrochloride are added to three of the graduates. One 
aliquot of each set, to which no hydroxylamine hydrochloride is added, is 
used as a protein blank. The solutions are again cooled in ice water for 1 
minute. and all are diluted to the 50 ml. mark with ice-cold concentrated 
ammonium hydroxide. If the ammonia is added slowly down the side of 
the graduate, this can be accomplished without danger, but great care must 
be exercised. The solutions are mixed and the color is allowed to develop 
at room temperature for 45 minutes. Before the end of this period, but 
after the solutions have come to room temperature, the final adjustment in 
volume is made. The colored solutions may be filtered through fast, dry 
paper if a precipitate is formed. 

The transmission of the color developed is determined at \ 560 mu with 
a Coleman No. 11 spectrophotometer. The solution to which no hydroxyl- 
amine hydrochloride was added is used as the blank. Photoelectric colorim- 
eters with 560 my filters should be satisfactory also. 

It is advisable to determine the factor for the color produced by phenylal- 
anine each time determinations of phenylalanine in protein are made. 
Aliquots of standard phenylalanine solution containing approximately the 
quantity expected in the aliquots of protein hydrolysate have proved to be 
quite satisfactory for this purpose. Summerson (6) has called attention to 
the desirability of this procedure over that of reading from a curve prepared 
some time earlier. 

Recovery of Phenylalanine—A mixture of amino acids having the composi- 
tion shown in Table I was prepared. To aliquots of this mixture were 
added 2 mg. of phenylalanine and, in some cases, tryptophane. The nitra- 
tion and development of color were carried out in the usual manner. The 
results obtained are shown in Table II. It is obvious that in the presence 
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of tryptophane an increase in color value related directly to the amount of 
tryptophane present is obtained. Satisfactory recoveries of phenylalanine 
are obtained when the added tryptophane is removed as outlined. 
Purified gelatin was used for checking losses in the process for the separa- 
tion of tryptophane from phenylalanine because this protein contains, at 
most, only a trace of tryptophane. . The gelatin was hydrolyzed with 5 y 


Tasie I 


Composition of Amino Acid Mizture* 


gm. cm 
dl-Alanine 0.2161 | dl-Threonine 0.1203 
l-Aspartic acid 0.2872 | d-Arginine monohydrochloride 0.5092 
l-Tyrosine 0.2771 | dl-Serine 0.0952 
di-Methionine 0.0335 | l-Leucine 0.1212 
l-Cystine 0.0730 | l-Histidine dihydrochloride 0.0917 


* Heated with 30 ml. of 5 nN sodium hydroxide under a reflux at 130° for 3 hours, 
added to 45 ml. of 7 N sulfuric acid, and made to 200 ml. 


TABLE II 


Recovery of Phenylalanine from Synthetic Mixtures 


Phenylalanine recovered 


Amino acids taken 
Tryptophane Tryptophane 


| not removed removed 
mg. meg. mg. 
Amino acid mixture 25.5 
; | 3.0 | 
Phenylalanine 2.0 
| | 
j i | 
Amino acid mixture | 25.5 | 
Phenylalanine 2.0 2.50 2.05 
Tryptophane 0.4 
| 
| | 
Amino acid mixture 25.5 
Phenylalanine 2.0 2.80 2.06 
Tryptophane 0.8 





sodium hydroxide and the hydrolysate prepared for analysis as described. 
Three series of determinations of phenylalanine were made. In the first 
series, the determinations were made according to Block and Bolling (2), 
without further modification. In the second, the process for the removal of 
tryptophane as outlined above was applied and the excess of sulfuric acid 
was removed with barium hydroxide. Barium carbonate was used in place 
of barium hydroxide to remove the excess sulfuric acid in the third series of 
determinations. 1.39, 1.34, and 1.70 per cent respectively of phenylalanine 
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were found for the three series. As shown, there is no significant loss of 
phenylalanine when the determination is carried out as outlined. The 
values obtained when barium carbonate is used to remove the excess sulfuric 
acid are too high. This observation although repeatedly made was not 
investigated further. It does show, however, that it is desirable that the 
barium hydroxide used be low in carbonate. Erratic results have been ob- 
tained when old barium hydroxide containing considerable carbonate was 


used. 
Taste III 
Phenylalanine Content of Proteins 
Prepara- Protein ew Values from literature and bibliographic reference 
tion No.* No. 
content | 
per centt | per cent 
l Arachin | 65.038 | 2.60 (7) 
2 Conarachin | 38. 
3 Water-dispersible | 4.56 
peanut protein 
4 Casein | 3.99 3.88 (8), 3.70 (9), 5.8 (2), 3.2 (10) 
5 Lactalbumin | 3.63 | 2.4 (11), 1.25 (12), 4.8 (2) 
6 Gelatin 1.57 | 1.15 (1), 1.4 (13), 1.8 (14), 2.6 (3) 
7 Hair (human) 1.80 2.7 (15) 
8 " ’ 1.90 


| 

* Preparations | and 2, arachin and conarachin described earlier (16) ; Preparation 
3, water-dispersible peanut protein described earlier (17); Preparation 4, Labeo 
vitamin-free casein; Preparation 5, Labeo 7-HAAX lactalbumin; Preparation 6, 
Eastman Kodak Company purified calf skin gelatin; Preparation 7, human hair, 
brown, 14 year-old female; suspended in distilled water at room temperature for 12 
hours, dried on filter paper for 12 hours, then extracted in a continuous extraction 
apparatus with 95 per cent alcohol, ether, and then petroleum ether for 48, 24, and 24 
hours, respectively; Preparation 8, human hair, gray, 60 year-old female, treated as 


Preparation 7. 
t Averages of several determinations corrected for moisture and ash. 


Results 


In Table III are shown the results obtained for phenylalanine on eight 
protein preparations by the modification reported here. Included for com- 
parison are the results found by several other investigators. The result 
reported here for casein agrees well with those reported by Foreman (8) and 
by Hegsted (9). The latter value was obtained by microbiological assay. 
Determinations of phenylalanine made without removal of the tryptophane 
gave results which, with the exception of gelatin, in general agreed with 
those of Block and Bolling (2, 15). 
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SUMMARY 


|. The presence of tryptophane in a mixture of amino acids or in a protein 


hydrolysate interferes in the determination of phenylalanine by the Kapel- 
ler-Adler reaction. When the tryptophane is removed by precipitation 
with mercuric sulfate solution before nitration, reliable results are obtained 


for phenylalanine. 


2. The results for phenylalanine obtained by the modified method on 


eight protein preparations are reported. 


te 


16 


17 


BIBLIOGRAPHY 


Kapeller-Adler, R., Biochem. Z., 262, 185 (1932) 

Block, R. J., and Bolling, D., The determination of the amino acids, Minneapolis, 
revised edition (1940). 

Block, R. J., Jervis, G. A., Bolling, D., and Webb, M., ./. Biol. Chem., 134, 567 
(1940) 

Knight, C. A., and Stanley, W. M., J. Biol. Chem., 141, 39 (1941) 

Folin, O., and Marenzi, A. D., J. Biol. Chem., 83, 89 (1929 

Summerson, W. H., J. Biol. Chem., 180, 149 (1939 

Johns, C. O., and Jones, D. B., J. Biol. Chem., 36, 491 (1918 

Foreman, G. W., Biochem. J., 18, 378 (1919) 

Hegsted, D. M., J. Biol. Chem., 162, 193 (1944 


. Abderhalden, E., Z. physiol. Chem., 44, 23 (1905 


Abderhalden, E., and Pribram, H., Z. physiol. Chem., 61, 409 (1907) 

Jones, D. B., and Johns, C. O., J. Biol. Chem., 48, 347 (1921 

Dakin, H. D., J. Biol. Chem., 44, 499 (1920 

Gordon, A. H., Martin, A. J. P., and Synge, R. L. M., Biochem. J., 37, 
92 (1943) 

Block, R. J., and Bolling, D., Arch. Biochem., 3, 217 (1943) 

Brown, W. L.. J. Biol. Chem., 142, 299 (1942) 

Brown, W. L., J. Biol. Chem., 164, 57 (1944). 





In 


57 





WATER-SOLUBLE VITAMINS IN HAIR AS INFLUENCED 
BY DIET 


By LEO J. NOVAK* ann OLAF BERGEIM 


(From the Department of Physiological Chemistry, College of Medicine, University of 
Illinois, Chicago) 


teceived for publication, May 15, 1944) 


The first part of the present paper deals with a method for determining 
certain water-soluble vitamins in hair, and the second part concerns varia- 
tions in the concentration of these vitamins in the hair as influenced by 


diets low in one or more of such vitamins. 


Methods 


No method for the determination of water-soluble vitamins in hair 
appears to have been previously reported. The special problem presented 
in the case of hair is that of breaking it up so that the soluble constituents 
can be extracted without destroying any of the vitamins. One type of 
procedure that suggested itself was actually to dissolve the keratin of the 
hair by the use of solutions of sodium sulfide, potassium cyanide, or thio- 
glycolic acid at alkaline pH, as shown by Goddard and Michaelis (1). 
This procedure did not fit in very well with microbiological determinations 
of the vitamins. Resort was therefore had to grinding, and the use of the 
ball mill for this purpose was studied. Routh and Lewis (2, 3) found that 
ground wool was digested by trypsin and that some oxidation of the sulfur 
of the wool occurred on prolonged grinding. We have studied the use of 
the ball mill as a preliminary procedure in the analysis of hair for water- 
soluble vitamins. The following procedure was found to be most satis- 
factory. 

Procedure—The hair is washed with cold water and dried at about 60°. 
From 0.5 to 1.0 gm. of the washed dried hair is ground in a small ball mill 
at 75 r.p.m. for 3 days. In this way from 95 to 100 per cent of the hair 
becomes soluble. An appreciable amount of inorganic matter is added 
from the stones. A suitable amount of dried ground hair (usually from 0.4 
to 1.0 gm.) is shaken with hot water and then filtered. The residue on the 
filter paper is washed twice with hot water, the washings and filtrate com- 
bined, cooled, and made up to 40 or 50 ce. One-fourth of the solution is 
kept for the nicotinic acid determination (4). The remainder is extracted 


* This paper is based on a thesis submitted in partial fulfilment of the requirements 
for the degree of Doctor of Philosophy in Physiological Chemistry in the Graduate 
School of the University of Illinois. 
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with an equal volume of ether to remove fatty acids, which have been 
shown to interfere with assay methods (5). The aqueous ether-extracted 
solution is analyzed for riboflavin (6), pantothenic acid (7), and inositol 
(8), with 0.5, 1, 3, and 5 ce. samples. A portion of the ground hair is ashed 
in a crucible and loss of weight determined so that a correction can be made 
for inorganic matter added from the stones. 

Discussion of Method—The influence of washing the hair with water, 
alcohol, and ether before grinding was studied, as well as the effect of wash- 
ing the ground material with alcohol before analysis. Table I shows no 
appreciable effect of either procedure on the results, so that no appreciable 
loss of these vitamins from the hair by washing seems likely and the vita- 
mins found can hardly be in appreciable degree merely adherent to the hair 
but appear to be integral components. 


Taste | 
Effect of Washing with Various Solvents on Vitamin Content of Hair of Normal 
Albino Rats 


Vitamins per gm. dry hair 


. . rs othe . a P 
Riboflavin Pantothenic Nicotinic acid 


| ack 
or : 
Hair not washed before grinding 3.7 7.8 14.1 
Ground hair washed with ether 3.5 6.2 13.8 
~ = 4 ** alcohol; alcohol 
solution analyzed* 0.6 0.0 0.0 
Hair washed with water, alcohol, and ether 
before grinding . 3.0 7.2 10.5 


* The alcohol was evaporated and the residue dissolved in 10 cc. of distilled water. 


Washing the ground hair with alcohol or ether to remove fatty acids also 
does not appear to be essential. 

That the hot water extraction of vitamins from the ground hair was com- 
plete was indicated by the failure to find any further vitamin in the ex- 
tracted hair residue on further extraction. In one series of tests the 
residue was extracted with hydrogen sulfide. No further pantothenic acid 
was extracted by this procedure which had been previously shown not to be 
destructive of pantothenic acid (Fig. 1). 

Further treatment of the residue with trypsin at pH 8 also gave no addi- 
tional pantothenic acid or nicotinic acid. Another check consisted in de- 
termining nicotinic acid directly in the ground hair by acid hydrolysis. 
The same values were obtained as with the hot water extract. These re- 
sults are not surprising, considering the fact that practically all of the hair 
is rendered water-soluble by the grinding process. 
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Regarding the possible destruction of the vitamins by the grinding proc- 
ess, it was found that when a given hair was ground first for 3 days and 
then a portion ground further for 3 days longer, similar results were ob- 


100 micrograms of 
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Fic. 1. Extraction of vitamins from hair 


TaBLe II 


Stability of Vitamins to Grinding 














Water-soluble vitamin content of dry 
ground hair 
Riboflavin — Nicotinic acid 
7 per gm. y per gm. y per gm. 
, ° ° | 
Normal albino rat hair ground 3 days..... 4.5 12.0 | 14.0 
“ sc“ “c “cc “ce 6 ““ 4 0 13 0 | 15 8 
Human black hair ground 3 days............| 0.2 0.5 | 1.8 
‘ ‘ “c “cc 6 * , : oe 0.3 | 0.5 3.0 


I 





tained, indicating no destruction of vitamins in the 3 additional days of 
grinding (Table I). 

The fact that ground hair of the normal albino rat shows ratios in the 
concentration of the vitamins to each other, similar to ratios found in other 
rat tissues, also suggests that no great destruction of any one vitamin was 
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likely to have occurred (7). If destruction occurred, it would be expected 
that the very stable nicotinic acid would show relatively high results but 
this is not the case. 
Table III presents some results on normal albino rat and human hair. 
In further support of the microbiological analyses it may be of interest 
to cite an experiment in which ground hair was fed to rats deficient in the 


Tasce III 
Results of Method As Applied to Rat and Human Hair 


erated ts ee ~ pee 
ly hatr shoumnenes ignition by tele 
from oadias Ribo Panto Nico ine ground 
Lore flavin | "Id | acid | sitol | Dart 
per cen ’ ary a 
Young normal albino rat 93.0 95.5 t.5 10.0 15.0 | 180 17.0 
” " " - 87.0 2.8 | 13.0 | 17.0 | 210 18.5 
16.0 18.2 3.1 5.4 | 19.3 | 272 22.8 
59.0 64.0 $.0 9.5 | 21.0 | 215 19.5 
57.0 61.3 3.8 7.0 | 15.6 | 190 15.8 
Old normal albino rat 58.5 59.3 2.5 11.0 | 15.0 | 180 18.0 
” si - és 58.0 2.9 8.5 | 12.0 | 150 14.5 
Young normal human; fiery 
red hair; male; age l3yrs.; 35.0 38.3 1.2 1.2 5.7 | 361 7.5 
Gray-haired man; full head 
of hair; age 62 yrs. 10.0 13.7 0.9 0.5 1.6 | 28 5.2 
Blonde man; full head of 
hair; age 30 yrs 11.0 1.8 1.3 0.5} 10.5 | 200 10.0 
Brown-black hair from 
middle aged man; full 
head of hair 50.0 55.4 1.5 0.3 6.9 | 250 9.1 


* That is by water extraction, H,S digestion with borate buffer at pH 10, and H,8 


and trypsin digestion. 
+t Ground hair hydrolyzed with 7 n HCI for 8 hours, neutralized, filtered, concen- 
trated, and the neutral concentrate analyzed for nicotinic acid. 


water-soluble vitamins and definite improvement in growth was observed. 
Such an experiment is illustrated in Fig. 2. 


Influence of Diet on Water-Soluble Vitamin Content of Rat and Human Hair 


Many studies have been carried out in an attempt to relate the vitamins 
of the diet to alopecia, achromotrichia, and other disturbances of hair 
No studies, however, appear to have been reported on the vitamin 


growth. 
In this study analyses were made for 


content of hair as influenced by diet. 
nicotinic acid, inositol, pantothenic acid, and riboflavin in the hair of rats on 


different diets. Some observations on human hair are also included. 
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atdiniting Water-soluble vitamin- 
deficient diet 
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Fie. 2. Effect of feeding ground hair to rats deficient in the water-soluble vitamins 


TaBLe IV 
Basal Diets 


Amount of material in diet 
Constituents in diet “ er eee ee eerie ws ae 


Diet A Diet B Diet C Diet D 


per cent per cent per cent per cent 
Vitamin-free alcohol-extracted casein..... 21 21 12 21 
Corn-starch, “ 66 
Dextrose...... ai 66 83 66 
Corn oil (hot water-extracted) ..... 8.7 0.8 8.7 
Butter fat (prepared)......... 8.5 
Salt mixture, U. 8. P. XI, No. 2..... 1.3 40 | 4.0 4.0 
Vitamin A and D concentrate (Natola) 0.2 0.2 0.2 0.2 
“~ E concentrate (Viobin).. 0.1 0.1 
° y per em. y per em 
Thiamine hydrochloride. . 65 16 
Riboflavin. 65 | 31 
Calcium pantothenate 48 
Pyridoxine hydrochloride 130 16 
Choline hydrochloride 130 128 
Nicotinic acid 130 64 
Inositol... ... 128 
Biotin (crystalline methyl ester)........ .:) 


Methods—Y oung albino rats were kept for 30 to 40 days on one of a 
series of diets (see Table IV). Diet A was a diet low in all water-soluble 
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vitamins and contained extracted casein and corn-starch, butter fat, salt 
mixture, and vitamins A and D. Diet B contained dextrose instead of 
starch and corn oil as the fat. Diet C resembled Diet B but adequate 


TABLE V 
Water-Soluble Vitamin Content of Hair from Rats* on Various Diets 


Water-soluble vitamins per gm. hair on dry basis 


Diet 


| Rivodavin | y Panto: | Nicotinic | toot 
Y Y Y Y 
A 0.8 0.2 8.5 
0.5 1.0 8.5 230 
' 0.4 0.7 7.6 212 
‘+ 100 y Ca pantothenate per gm. diet 1.0 8.5 17.0 270 
‘+ 100 * = S " 0.9 12.5 15.3 253 
“" <—- 100 “* a ™ 11.9 16.7 
‘* + 100 ‘‘ pyridoxine per gm. diet. 3.0 2.0 4.5 60 
“+ 100 “ ibs ” 3.8 1.5 5.8 58 
“+ 100 “ - 7 3.7 2.9 5.1 47 
‘+ 1% sulfaguanidine 2.2 3.0 1.2 98 
" + 1% 1.8 2.3 4.0 80 
B 2.4 0.2 9.3 19] 
in 1.8 0.6 7.1 199 
2.0 0.8 7.0 243 
‘* +. 100 y pyridoxine per gm. diet 3.9 0.6 11.5 45 
“* + 100 “ cosine at csc 2.8 1.4 12.7 140 
‘* +. 200 “* choline per gm. diet 2.1 1.2 19.1 30 
"+ 200" , a 1.8 1.5 19.8 49 
C 4.2 0.3 19.4 303 
" 3.2 1.1 23.6 | 250 
3.0 0.8 20.6 | 190 
3.8 1.1 19.8 270 
3.5 7.2 18.5 | 250 
D 4.2 10.0 22.0 210 
“ 4.0 9.2 18.0 | 200 
; . 3.2 8.5 17.5 190 
Stock diet 4.5 10.0 15.0 180 
rs 4.0 9.5 21.0 215 


* Animals on Diet A or Diet A plus 100 y of pyridoxine were fed for 40 days before 
hair samples were taken. All other animals were fed for 30 days before hair samples 
were taken. Pyridoxine and choline were given as the hydrochloride. 


amounts of certain water-soluble vitamins were added, and it contained 
less casein as well as more dextrose. In Diet D, all the well defined B com- 
plex factors were added. 

Discussion—Table V shows the analytical results obtained on rat hair. 
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They show that the vitamins exist in somewhat the same ratio to each other 
as in most other rat tissues when an adequate diet is fed. 

Some quantitative decrease from the normal was noted for each of the 
vitamins studied in certain cases. Thus pantothenic acid_ values fell to 
about one-tenth the normal values on the deficient Diet B. Similar low 
values were found on the deficient Diet A and addition of pantothenic acid 
to this diet brought the values back to normal. With reference to inositol, 
the most striking results were those showing that addition of choline or 
pyridoxine to diets deficient in the water-soluble vitamins markedly 
lowered the inositol content of the hair. The explanation of this result is 
not yet clear but it correlates significantly with low hair nitrogen to sulfur 
ratios on these diets,’ as well as a tendency to alopecia in rats in these 
groups (9). 

Tasie VI 

Water-Soluble Vitamin Content of Human Hair from Men with Varying Degrees 

of Alopecia 


Water-soluble vitamins per gm. dry hair 


Hair source and description 


Riboflavin Ps. port — Inositol 
Y Y Y Y 
Partially bald, age 30 yrs... 0 0.7 2.5 
a x ’ nach 0.2 0.6 1.8 95 
‘~ o = en" as 0.1 0.8 1.8 70 
Partial alopecia areata in young man ingest- 
ing vitamin B complex tablets..... 0 1.5 6.5 95 


Table VI gives some data for human hair. Tables II, III, and VI show 
that human hair contains less water-soluble vitamins than rat hair with the 
possible exception of inositol. Many more analyses of human hair will be 
required to draw definite conclusions as to any relation of hair vitamin con- 
tent to grayness and baldness. Our results do not indicate any definite 
alterations in this respect except perhaps in the case of inositol. Lower 
than average values were found in certain cases of baldness. 

SUMMARY 

A procedure is described for the determination of water-soluble vitamins 
in hair involving the grinding of the hair in a ball mill, extraction with hot 
water, and application of microbiological methods. 

Data are presented illustrating the application of this procedure to the 
determination of pantothenic acid, riboflavin, nicotinic acid, and inositol in 
rat and human hair. 


' Data to be published. 
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Riboflavin, nicotinic acid, pantothenic acid, and inositol are found in 
normal rat and human hair in about the same ratio to each other as in other 
tissues. Human hair has a lower content of the vitamins than rat hair. 
The vitamin content of rat hair may be influenced by diet. Low values for 
pantothenic acid were found on the vitamin-deficient diets and addition of 
pantothenic acid to such diets resulted in normal values for this vitamin. 
There is some evidence that choline or pyridoxine may lower the inositol 
content of hair in the rat. Low inositol values were observed in human 
hair from certain cases of baldness. Further studies are necessary to estab- 
lish the significance of these findings. 
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COLORIMETRIC ESTIMATION OF PHENYLALANINE IN 
SOME BIOLOGICAL PRODUCTS* 


By ANTHONY A. ALBANESE 
Witu THE TECHNICAL ASSISTANCE OF Dorotuy L. WAGNER 


(From the Harriet Lane Home of the Johns Hopkins Hospital, and the Department of 
Pediatrics, The Johns Hopkins University, Baltimore 


(Received for publication, May 26, 1944) 


The colorimetric estimation of phenylalanine in protein hydrolysates as 
described by Kapeller-Adler (1) is based on two fundamental principles: 
complete suppression of the interference from tyrosine and histidine, and 
the quantitative nitration and reduction of phenylalanine to the violet- 
colored ammonium salt of diaci-o-dinitrobenzoic acid. Although this pro- 
cedure has points of superiority over other available techniques, in practice 
it presents several technical difficulties which tend seriously to affect the 
accuracy of the final result. These difficulties arise chiefly from (a) the 
use of phosphotungstic acid for the removal of histidine, (b) the evapora- 
tion of the sample to dryness in preparation for nitration, and (c) the use 
of concentrated ammonium hydroxide for the reduction process. It is the 
purpose of this report to present experiments which have not only over- 
come these obstacles to satisfactory results with the original Kapeller-Adler 
method, but also afford greater convenience and rapidity of operation. 

The removal of histidine and tyrosine, which was recommended by 
Kapeller-Adler, has been reported by Block et al. (2) as unnecessary if the 
color reading is made with Filter 56. In our hands, this simplification has 
not been found satisfactory when data of high accuracy are desired. It 
appears from our study that the yellow color which results from tyrosine 
and histidine introduces an error which is roughly proportionate to the 
amounts of these amino acids present in the protein. The error is par- 
ticularly great when the amount of phenylalanine in the protein is small in 
relation to the quantity of tyrosine and histidine. Inasmuch as the de- 
struction of tyrosine by means of permanganate offers no difficulties, the 
accuracy of the data in part becomes contingent on finding adequate means 
for the removal of histidine. The successful use of phosphotungstic acid 
for this purpose depends entirely upon accurately estimating the amount 
of this reagent required for the sample in hand. An excess leads to low 
phenylalanine values due to (a) precipitation of phenylalanine as the phos- 
photungstate (3), and (6) interference of reagent with color development. 


* Aided by grants from the Rockefeller Foundation and the Nutrition Foundation, 
Ine. 
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On the other hand, an insufficient quantity of the reagent results in high 
phenylalanine values, owing to a failure to precipitate all of the histidine. 
It is obvious that considerable trial and error experimentation is necessary 
before satisfactory results can be obtained. These circumstances led us 
to attempt the removal of histidine by adsorption on permutit (4). This 
device has proved most satisfactory, since, as will be demonstrated, the 
histidine is quantitatively adsorbed and the phenylalanine is not adsorbed 
at all. Moreover, this procedure obviates the delay in the determination 
which is requisite for achieving complete precipitation of histidine as the 
phosphotungstate. 

A second obstacle to consistent results in the original procedure arises 
from the manner in which the sample is evaporated to dryness before 
nitration. Evaporation on the steam bath as recommended by Kapeller- 
Adler was found to result in destruction of phenylalanine owing to over- 
heating of the peripheral surfaces. The errors from this source were found 
to be promptly remedied when the samples were evaporated in a 120° oven, 
a teapnique which reduces the time for the operation to about half that 
otherwise required. 

The use of concentrated ammonium hydroxide for the development of 
color was found objectionable for three reasons: (a) danger to the operator 
in attempting to measure out necessary amounts, (b) possible contamina- 
tion of samples for nitrogen analysis from escaping ammonia, and (c) diur- 
nal variations in the concentration of ammonia in the reagent which may 
affect the color intensity. All three difficulties were overcome by substi- 
tuting ammonium sulfate followed by 20 per cent sodium hydroxide. 


EXPERIMENTAL 


Reagents 

Permutit. A 60 mesh product was used and was activated as described 
by Whitehorn (4). 

Nitration mixture. 10 gm. of potassium nitrate dissolved in 100 cc. of 
concentrated sulfuric acid by shaking the mixture at room temperature. 

Acid permanganate solution. 5 gm. of potassium permanganate dis- 
solved in 100 ce. of 10 per cent sulfuric acid solution. 

Hydroxylamine-ammonium sulfate mixture. 15 gm. of hydroxylamine 
hydrochloride and 20 gm. of ammonium sulfate dissolved in 100 ec. of 
distilled water. 

Sodium hydroxide. 10 and 20 per cent solutions. 

Phenylalanine standard. 100 mg. of dl-phenylalanine (Merck, 8.47 per 
cent N) dissolved in 100 ce. of distilled water. Since quantitative transfer 
of this substance is difficult, it is recommended that the amino acid be 
weighed directly in the volumetric flask. 


! Merek reagent quality chemicals were used throughout 
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l(—)-Tyrosine (Merck) and l(+)-histidine monohydrochloride monohydrate 
(Merck) solutions were prepared in suitable concentrations. When refer- 
ence is made to histidine, the correction for the monohydrochloride mono- 
hydrate has been made. 

Biological Products— 

Commercial proteins. The preparations examined include casein (Har- 
ris), lactalbumin (Harris), amigen (Mead Johnson and Company), gelatin, 
U.S. P. (Eimer and Amend), and fibrin (Wilson Laboratories). The anal- 
yses were performed without further refinement of the product. 

Human hemoglobin. This protein was prepared from human red blood 
cells by the method of Zinoffsky (5). 2 liters of red cells yielded 143 gm. 
of crystalline hemoglobin which contained 13.96 per cent nitrogen, un- 
corrected for moisture and ash. 

Human hair. Heterogeneous black hair obtained from barber shop 
clippings was used for this analysis. The uncorrected nitrogen content by 
micro-Kjeldahl determination is 10.15 per cent. 

Stock Rats—Three normal immature animals weighing 82.74, 81.5, and 
84 gm. respectively from a hybrid albino and hooded Norwegian colony 
were employed. The abdominal cavity was opened and the contents of 
the gastrointestinal tract were discarded. The entire carcasses were then 
submitted to acid hydrolysis. The results of these analyses are reported 
as an average figure. The nitrogen content of the moist tissue was 3.12 
per cent. 

Preparation of Hydrolysates—Constant boiling hydrochloric acid (ap- 
proximately 20 per cent) was used throughout as the hydrolyzing agent. 
A ratio of 5 ce. of this reagent for each gm. of product was found suitable 
for effecting complete hydrolysis on refluxing the mixtures for 22 to 24 
hours. The hydrolyses were performed in an all-glass (Pyrex) apparatus. 
Since the hydrolysates were required for other analyses, larger quantities 
(25 to 50 gm.) of material were used than were actually required for the 
phenylalanine estimation. For this purpose alone, the equivalent of 25 
to 50 mg. of protein nitrogen is ample. 

The excess of hydrochloric acid was removed in vacuo by three successive 
concentrations and additions of water. The final product was quantita- 
tively transferred to a volumetric flask of suitable size, the volume ad- 
justed, and aliquots removed for nitrogen determination by the micro- 
Kjeldahl procedure (6). The removal of humin is not necessary, as this is 
filtered out by the subsequent passage through permutit. The fat present 
in the rat hydrolysates was removed by a preliminary gravity filtration 
through wet fluted Whatman paper No. 12. 

Analytical Procedure—-A sample of the hydrolysate containing 25 to 50 
mg. of nitrogen is transferred to a 50 ec. volumetric flask, diluted with 
water to about 25 cc., the reaction is adjusted to pH 4 (hydrion paper) with 
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10 per cent sodium hydroxide, and the mixture made to volume. This 
solution is passed at the rate of | drop per second through a column of 
10 gm. of permutit contained in a 150 mm. calcium chloride tube plugged 
with coarse glass wool and fitted with a short piece of rubber tubing and a 
pinch-cock to regulate the flow. If the proportion of 25 to 50 mg. of total 
nitrogen to 10 gm. of properly activated permutit is maintained, the solu- 
tion will be found negative to Knoop’s test for histidine. A positive test 
points to poorly activated permutit. Duplicate 3 and 5 cc. samples of the 
solution are transferred to 30 cc. porcelain evaporating dishes and the 
tyrosine is destroyed by the dropwise addition of an excess of acid per- 
manganate solution. The evaporating dishes are placed in an oven at 
120°. Duplicate 1 and 2 cc. samples of the phenylalanine standard also 
in 30 ec. evaporating dishes are simultaneously evaporated to dryness in 








HOV 

















Fig. 1. Diagram of hot air bath. A, 150 watt Mazda projector flood lamp. B, 
30 cc. evaporating dishes 


the oven. Care should be taken to remove the samples from the oven soon 
after they become dry, as prolonged heating (18 to 24 hours) will result in 
the destruction of phenylalanine. To each of the residues of the samples 
and standard are added 2 cc. of nitration mixture in such a manner that 
the residue is washed down from the sides. Nitration is completed by 
heating the samples on a hot air bath shown in Fig. 1 for 30 minutes. 
Heating on the steam bath was found to inhibit complete nitration owing 
to escaping steam. The contents of the evaporating dishes are transferred 
to 50 cc. volumetric flasks with the aid of a small funnel and a minimum 
amount (5 to 10 ec.) of distilled water; 5 cc. of hydroxylamine-ammonium 
sulfate reagent are added to each sample and, after 5 minutes, 20 cc. of 
20 per cent NaOH are added slowly from a dispensing burette. The 
volume of each test solution is adjusted to the 50 cc. mark with distilled 
water and the flasks are cooled in an ice bath for 10 minutes. The resulting 
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solutions are read in the Klett-Summerson photoelectric colorimeter with 
Filter S-54. The color intensity of these reaction mixtures has been found 
to remain constant for about 1 hour after the initial 10 minute period of 


development. 


Results 


In order to determine the quantitative effect of the modifications made 
in the conditions of nitration and reduction reactions, suitable aliquots of 
the phenylalanine standard were submitted to the manipulations previously 
described. The results of these experiments are shown in Fig. 2. The 
linear relationship of the color intensity to the amount of phenylalanine is 
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COLORIMETER READINGS WITH S-54 FILTER 
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Fig. 2. Relation of color intensity to amount of phenylalanine. Each point repre- 
sents the average value of ten determinations. The bars above and below each point 
indicate the deviation range of the readings. 


interpreted as evidence of the adequacy of the modifications and of the 
validity of Beer’s law for the color reaction. 

When samples of the phenylalanine standard were dried on the steam 
bath instead of the oven, colorimeter readings ranging from 40 to 55 and 
from 75 to 90 were obtained for 1 and 2 mg. of phenylalanine respectively. 
A comparison of these values with those obtained for similar amounts of 
phenylalanine by the drying oven technique (Fig. 2) indicates that a con- 
siderable loss of phenylalanine is incurred when drying is done on the 
steam bath. 

In order to study the color interference which results from the presence 
of histidine and tyrosine, determinations were made upon the three amino 
acids singly and in mixture. The photoelectric readings obtained with 
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various filters and their equivalents as phenylalanine are recorded in 
Table [. It is evident that none of these color filters permits elimination 
of the procedures for the removal of histidine and tyrosine when data of 
high accuracy are needed. 

The effect of the removal of histidine by adsorption on permutit and the 
oxidative elimination of tyrosine by the action of permanganate on the 


TABLE | 
Colorimetric Behavior of Tyrosine and Histidine in Kapeller-Adler Reaction and Itg 
Interference to Phenylalanine Determination 





Photoelectric readings and equivalent amino acid as phenylalanine* 
Amino acids 

Filter | Filter | Filter | Filter | Filter | Filter | Filter | Filter 
40 42 47 52 54 56 60 | 06 

dl-Phenylalanine, 1 mg. 121 151 65 60 64 57 10 il] 
1.00 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 

l -Tyrosine, 1 mg 198 296 10 13 15 8) 5 0 

1.64 1.96 | 0.62 | 0.22 | 0.22 | 0.16 | 0.12 | 0 

l(+-)-Histidine, 1 mg 80 65 25 12 1] 5 8 2 
0.66 0.43 | 0.38 | 0.20 | 0.17 | 0.08 | 0.20 | 0.18 

dl-Phenylalanine, 1 mg., |240 480 92 78 86 65 15 (12 
l(—)-tyrosine, 1 mg.,| 1.98 | 3.18 | 1.42 | 1.30] 1.34 | 1.14] 1.12] 1.10 

l(+-)-histidine, 1 mg. 




















* The first reading for the respective amino acids represents the photoelectric 
reading; the second the equivalent mg. of amino acid measured as phenylalanine. 


Taste II 
Recovery of Phenylalanine Added to Amino Acid Miztures 


Phenylala- | di-Phenyl- Rainn oN Recevsty a 
Amino acid mixture nine alanine epee: fal her ~ | 
in sample added* — phenylala- 
found | nine 
me. | meg me. per cent 
l(+-)-Histidine, 0.5 mg., /(—)-tyrosine, 
0.5 mg. 0.0 1.0 1.02 j; 102.0 
- me r ‘ ‘ 
Casein hydrolysate, 5.53 mg. N 1.93 1.0 2.93 100.0 
Gelatin m 2 Fe ll. 1.80 1.0 2.82 102.2 


* Phenylalanine added before treatment of composite sample with permutit. 


phenylalanine added to a mixture of tyrosine and histidine and to protein 
hydrolysates was also investigated. Representative data are given in 
Table II. The quantitative recovery of added phenylalanine points to the 
adequacy of these steps for analytical purposes. 

The results of the phenylalanine analyses of the biological products are 
reported in Table III. The inaccuracy introduced in the phenylalanine 
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values of casein, human hemoglobin, and human hair by the failure to 
remove tyrosine and histidine is demonstrated by data recorded in Table IV. 


Comment 


Although the modifications of the original Kapeller-Adler procedure for 
the estimation of phenylalanine suggested by this investigation have been 
found to be time-saving, they also improve the accuracy of the determina- 


TABLE III 


Phenylalanine Content of Some Biological Substances 








wie > ; : Phenylalanine 
Biological produc Nitronce | Maeaplalanie | "per 10 en. 

per cent per ceni gm. 
Casein 13.62 2.98 4.77 
Amigen 11.80 2.56 3.76 
Lactalbumin 11.70 2.08 2.88 
Gelatin 14.30 1.30 2.24 
Fibrin 15.10 2.75 4.92 
Human hemoglobin 13.96 5.06 7.84 
vty hair 10.15 0.11 0.13 
Stock rats 3.12 2.57 } 0.94 


* Not corrected for moisture or ash content. 


TABLE IV 


Effect of Presence of Tyrosine and Histidine on Phenylalanine Values 


Phenylalanine N of total N 
Protein | Histidine and tyrosine 
Author’s method present; 
read with Filter 56 


per ceni per cent 





Casein 2.98 4.17 
Human hemoglobin 5.06 4.48 
“hair 0.11 | 0.16 


tion. On suitable standardization of each step it is possible for a trained 
technician to perform a complete analysis in 3 to 4 hours with duplicate 
checks of better than 1 per cent. When the original method was used, 
the results of these assays were delayed 24 to 48 hours in order to achieve 
complete precipitation of histidine phosphotungstate. Moreover, possibly 
due to variations in the solubility of this salt, the results were erratic. 
The elimination of the use of concentrated ammonium hydroxide has been 
found to afford greater safety to the operator. 
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SUMMARY 


Three improvements have been made in the original procedure of 
Kapeller-Adler for the colorimetric estimation of phenylalanine which effect 
a saving of time, and obtain greater accuracy and convenience of operation, 
Of the seven biological products analyzed by the modified method, crystal- 
line human hemoglobin was found to have the highest phenylalanine 
content. 
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THE INTERMEDIARY METABOLISM OF TRYPTOPHANE IN 
PYRIDOXINE-DEFICIENT RATS 
By DELLA F. REID ann SAMUEL LEPKOVSKY 
(From the Division of Poultry Husbandry, College of Agriculture, University of 
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inp DAVID BONNER anp E. L. TATUM 


(From the Department of Biology, Stanford University, California) 
(Received for publication, May 8, 1944) 


It has been shown that the xanthurenic acid (4;8-dihydroxyquinoline- 
2-carboxylic acid) found in the urine of pyridoxine-deficient rats originates 
from dietary /(—)-tryptophane (1). Since it is known that many com- 
pounds closely related to tryptophane promote growth in the rat (2-8) and 
give rise to kynurenine and kynurenic acid in the urine (2, 9-15), it seemed 
of interest to investigate some of these compounds as possible precursors of 
xanthurenic acid in pyridoxine-deficient rats. Accordingly, studies have 
been made on the ability of pyridoxine-deficient rats to convert into xan- 
thurenic acid the following: d(+)-tryptophane, indole-3-pyruviec acid, in- 
dole-3-lactic acid, indole-3-acetic acid, indole-3-propionie acid, abrine 
(N-methyl-l(—)-tryptophane), kynurenine, kynurenic acid, and indole + 
serine (16). 

EXPERIMENTAL 

Commercial preparations of [(—)-tryptophane, indole, di-serine, indole- 
3-propionic acid, and indole-3-acetic acid were used. The sample of d(+)- 
tryptophane was given us by Dr. C. P. Berg, lowa State University. The 
sample of abrine was kindly supplied by W. M. Cahill, Wayne University. 
Indole-3-pyruvic acid, kynurenine, and kynurenic acid were prepared as 
follows: 

Indole-3-pyruvic Acid—This acid was prepared from indole aldehyde as 
described by Ellinger and Matsuoka (11), the indole aldehyde having been 
prepared from indole by the method of Boyd and Robson (17). The final 
product was a buff-colored powder with an indefinite melting point. Prep- 
aration of the p-nitrophenylhydrazone yielded a crystalline product 
with a melting point in agreement with that reported by Ellinger and Mat- 
suoka (11) and by Berg, Rose, and Marvel (5), and elementary analysis 
gave the following results. 

CyHyNO; Calculated. C 65.01, H 4.47, N 6.85 
Found. ** 65.69, “‘ 4.61, “ 7.12 
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Kynurenic Acid—The sodium salt of diethyloxalacetate was prepared by 
allowing diethyloxalate (prepared by the method of Clarke and Davis (18)) 
to react with sodium and ethyl! acetate in anhydrous ether (19). 20 gm. of 
sodium diethyloxalate were allowed to react with 10 gm. of aniline hydro- 
chloride in ethyl alcohol overnight at room temperature (20). The re- 
action mixture was poured into about 1 liter of water and extracted with 
ether. The ether solution containing the anil was evaporated after dry- 
ing over anhydrous Na,SQ,, leaving a viscous yellow oil. This oil was then 
heated in an open tube held in an oil bath at 190-200° for 1 hour. Upon 
cooling, the oil readily crystallized. This product consisted of two frae- 
tions, ethyl kynurenate, readily soluble in ethyl alcohol, and a second frae- 
tion, somewhat soluble in hot alcohol and insoluble in cold alcohol. The 
product was therefore entirely dissolved in hot ethyl alcohol and allowed to 
stand overnight in the cold room. The crystals were then filtered off, the 
filtrate evaporated to dryness, and the residue refluxed with 10 per cent 
NaOH for 1 hour. The alkaline solution was decolorized with norit and 
upon acidification gave a bulky white precipitate which crystallized as 
needles from aqueous acetic acid. The melting point of the hydrate was 
287-288°. When boiled with acetic anhydride a red color developed (21) 
and elementary analysis gave the following results. 

CypyHsNO;. Calculated. C 63.15, H 4.24, N 7.37 
Found. *“. 63.23, “ 4.14, “ 6.88 


Kynurenine Sulfate—l-Kynurenine sulfate was prepared from l-trypto- 
phane by the action of an unidentified Bacillus sp. according to the pro- 
cedure described by Tatum and Haagen-Smit (22). 

Indole-3-lactic Acid—Indole-3-lactic acid was prepared by the use of 
Oidium lactis by the method of Ehrlich and Jacobsen (23). The product 
was purified by reprecipitation from ether with petroleum ether. The 
properties of the final product were similar to those reported by Ehrlich and 
Jacobsen (23). A micro-Dumas nitrogen determination gave the following 


results 
CyuHyO.N. Calculated, N 6.83; found, 7.30 


Diets, Care of Rats, and Methods of Testing—At weaning rats were put on 
a pyridoxine-deficient diet consisting of casein 27 parts, dextrose 58, Crisco 
5, lard 5, Sure’s Salt Mixture 1 (24) 4, “sardilene” oil! 1. To each kilo of diet 
were added thiamine hydrochloride? 10 mg., riboflavin? 10 mg., Ca pantoth- 
enate® 40 mg., choline 500 mg., nicotinic acid 100 mg., p-aminobenzoic acid 
600 mg., inositol 1 gm., biotin? 25 y, l-acetoxy-2-methyl-4-naphthy] sodium 

' Sardilene, a commercial fish oil containing 400 units of vitamin D (largely vita- 
min D,;) and 3000 units of vitamin A per gm. 

? Kindly supplied by Merck and Company, Inc., Rahway, New Jersey. 
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phosphate 20 y, and “‘vitamin E,’’ distillate equivalent to 10 mg. of toco- 
pherols. 

Previous experiments have shown that from 2} to 3 weeks on this diet are 
required for a rat to become sufficiently depleted in pyridoxine to excrete 
xanthurenic acid. A positive ferric ammonium sulfate test (the appear- 
ance of a green color when iron salts are added to the urine) (1) was taken 
as an indication of xanthurenic acid in the urine, and thus of pyridoxine 
deficiency. 

Two deficient animals were placed in a metabolism cage constructed with 
glass rod flooring and glass funnel so that the urine was kept from contact 
with metal at all times. Feces were prevented from falling into the urine 
by a Witte plate placed in the funnel. 

The rats were then fed a pyridoxine- and tryptophane-deficient diet iden- 
tical with that previously described except that the casein was replaced by 
an equal amount of acid-hydrolyzed casein plus 0.3 per cent cystine. 
Water was given ad libitum. Under these conditions, xanthurenic acid (as 
evidenced by the ferric ammonium sulfate test) disappears rapidly from the 
urine. Accordingly urine samples were tested with ferric ammonium sul- 
fate at 2 hour intervals until the green color no longer formed (about 3 or 4 
hours in contrast to the previously reported time, 6 to 12 hours (1)). This 
was considered an indication that the animals were deficient in tryptophane 
as well as in pyridoxine. 4 to 6 hours were allowed to elapse before the sub- 
stance to be tested was fed. 

The compounds investigated were fed in amounts equivalent to 30 mg. of 
tryptophane. Each rat was fed the calculated amount by stomach tube 
and the urine was examined hourly for the presence of xanthurenic acid. A 
similar amount was given after 6 hours and the urine similarly tested. If 
the results were negative, the animals were given 30 mg. of l(—)-trypto- 
phane and in every instance there followed positive tests for xanthurenic 
acid in from 2 to 4 hours. 

All substances were fed again after the rats had received intraperitoneally 
an excess of pyridoxine (100 y), since previous work (1) showed that 20 + 
were sufficient to cause the immediate disappearance of xanthurenic acid 
from the urine of a pyridoxine-deficient rat when 1(—)-tryptophane was the 
precursor. 

Duplicate tests were made with all substances. Of all the compounds 
fed, only 1(— )-tryptophane and kynurenine were converted to xanthurenic 
acid by the pyridoxine-deficient rat. When pyridoxine was fed in addition, 
no xanthurenic acid was produced. 


*15 per cent concentration of mixed tocopherols from Distillation Products, 
Ine., Rochester, New York. 








i ee-aieetiatiind chiA nee ap ete ae 


—— 


a ete 


_ 


am 





owe 
zs "omg Ee Fe ee 


ea aan 


302 PRYPTOPHANE METABOLISM 


DISCUSSION 

Since only l(—)-tryptophane and kynurenine of the compounds fed 
yielded xanthurenic acid in the pyridoxine-deficient rat, this work can be 
considered supporting evidence with the pyridoxine-deficient rat for the 
ideas advanced by Musajo and Chiancone (25) that kynurenine is an inter- 
mediary product in the conversion of /[(—)-tryptophane to xanthureniec 
acid. It should be pointed out that of the remaining compounds d(+)- 
tryptophane (2, 3), indole-3-pyruvic acid (4, 5), indole-3-lactic acid (26), 
and abrine (27, 28) can replace [(—)-tryptophane for growth. Apparently 
at least in the pyridoxine-deficient rat the metabolic degradation of d(+)- 
tryptophane, indole-3-pyruvic acid, indole-3-lactic acid, and abrine differs 
from that of l(—)-tryptophane. The inability of the pyridoxine-deficient 
rat to convert kynurenic acid to xanthurenic acid indicates that the con- 
version of kynurenine to kynurenic acid is not reversible. 

As would be expected, xanthurenic acid was excreted unchanged in the 
pyridoxine-deficient rat, but when pyridoxine was fed, xanthurenic acid 
could not be recovered from the rat urine. The fate of such xanthurenic 
acid under these conditions is at present unknown. 


SUMMARY 


1. Kynurenine and /[(—)-tryptophane yield xanthurenic acid in the 
pyridoxine-deficient rat. 

2. Xanthurenic acid passes through the pyridoxine-deficient rat un- 
changed, but cannot be recovered from the urine of pyridoxine-fed rats. 

3. Indole-3-pyruvic acid, d(+)-tryptophane, indole-3-propionic acid, 
indole-3-lactic acid, indole-3-acetic acid, abrine, indole + serine, and kynu- 
renic acid do not form xanthurenic acid in pyridoxine-deficient rats. 
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THE ACTION OF THE HUMAN SMALL INTESTINE IN 
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Considerable evidence has accumulated (1, 9, 12-14, 16) to show that in 
the rabbit, rat, and dog there is a certain constancy about the reactions, 
especially pH, of the various sections of the small intestine which have the 
appearance of physiological constants. Data from intubation studies per- 
mit this generalization to be applied in a general way to the human. 
Robinson, Luckey, and Mills (15) found that the jejunum of the normal 
human achieves a pH of approximately 6.6 regardless of whether acid or 
alkaline solutions of hyper- or hypotonic CaCl, were introduced. McGee 
and Hastings (8) found the reaction of human jejunal secretion to be 
pH 6.5 + 0.3. As regards the remainder of the small intestine, little can 
be said except that it is generally agreed that both the secretion (7) and 
the content (4, 10) become progressively less acid as the ileocecal valve is 
approached. 

A more exact knowledge of the regional characteristics, especially as 
these might alter the reaction of a simple isotonic sodium chloride solution, 
has now become a basic requirement fundamental to the study of intestinal 
absorption. The need for such information is further emphasized by the 
fact that the medium from which absorption studies should be made must 
be reasonably isotonic, distilled water alone being injurious to the intestinal 
mucosa (2). We have attempted to ascertain the characteristics of the 
various levels of the human small intestine as these are reflected by the 
pH and change in the chemical composition of approximately isotonic 
sodium chloride. 


Methods 


Eighteen successful intubations were performed on eighteen normal 
human subjects, aged 17 to 25 years, by the use of the Miller-Abbott triple 
lumen tube equipped with a metal olive. The interballoon space was 12 to 
15 em.; the distance from the oral end of the proximal balloon to the olive 
was 36 to38 cm. The tube was taken in the morning by a fasting subject. 


* Aided by a grant from the Bristol-Myers Company. 
t Present address, Department of Physiology, Woman’s Medical College of 


Pennsylvania, Philadelphia. 
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Fluoroscopy 14 hours later usually revealed the proximal balloon just 
beyond the pylorus with the olive at or beyond the ligament of Treitz. 
The balloons were gently distended by introducing 25 cc. of air, and the 
interballoon space flushed with 40 to 50 cc. of warm saline. A measured 
amount of the saline (40 to 60 cc.) was then introduced and allowed to 
remain in the intestinal segment for 15 to 20 minutes. After this time, the 
first sample was withdrawn under mineral oil, with gentle suction provided 
by a siphon arm of 30 to 40 cm. of water. The first 10 to 15 cc. withdrawn 
were set aside and reintroduced after the main sample of 25 cc. had been 
collected. With the same precautions, another sample was taken 20 min- 
utes later, at which time the segment was emptied completely. Thus an 
attempt was made to obtain a 20 and a 40 minute sample on each 
instillation. 

A period of about 20 minutes was allowed for the apparatus to reach a 
new level, whereupon a new instillation of saline was made and the sam- 
pling at 20 and 40 minutes repeated. This cycle of manipulations was 
repeated throughout the experimental period. During the interval when 
the interballoon space was empty, the balloons were deflated and checked 
for leakage. Usually the distal balloon was reinflated to furnish a stimu- 
lus for propulsive activi ies. 

Care was taken not wo distend the balloons to the point at which the 
subject noted the least pain; the aim was to underdistend and lose the 
specimen, rather than to overdistend and thereby evoke a hypersecretion. 
The experiments were timed from the first instillation of saline, when the 
apparatus had just completed its passage from the stomach. Hence all 
references to time are to be interpreted as hours after the pylorus had 
been reached. 

The subject was encouraged to take the 200 to 250 cm. of tube as early 
in the day as possible, thus furnishing at all times sufficient tube to permit 
it to pass down the intestine as rapidly as it would. The withdrawal of 
the samples did not always proceed smoothly. Consequently out of 170 
instillations, 88 were complete in the sense that both a 20 and a 40 minute 
specimen large enough for all analyses was obtained for each. The final 
position of the apparatus was always checked by x-ray. 

The saline solution was made of c.p. sodium chloride and had an average 
composition, among the several lots, of 150 milliequivalents per liter. 

All samples were analyzed immediately for pH and total CO... The pH 
determinations were made at 30-32° with a Coleman micro chamber glass 
electrode and corrected for 38°. The total CO, was determined manomet- 
rically by the method of Van Slyke and Neill (17). Total base was deter- 
mined by a modification of the benzidine method. The bicarbonate 
content and CO, tension were calculated as outlined by McGee and 
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Hastings (8). Chloride determinations were made on the samples from 
the last eight intubations by means of the Volhard titration on the alkaline 
ash. No attempt has been made to estimate the total amounts of the 
various substances, since volume recoveries were too uncertain. 


Results 


In three of the eighteen intubations the apparatus did not advance nor- 
mally, for after 6 to 9 hours it was found still at the ligament of Treitz. 
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The solid lines connect points in the same instillation. 


These have been termed “‘static samples’’ and the data treated separately. 
Final fluoroscopy showed that the apparatus had passed well into the ileum 
or was at the ileocecal valve in nine intubations, while in six others it was 
located in the colon. te 

Fig. 1. shows the data from two typical experiments. Curve M illus- 
trates one of the intubations on which chloride determinations were made, 
and the tube progressed normally to the lower ileum; Curve F is typical 
of the “static samples.” 

A most conspicuous feature about these curves is the zigzag nature of 
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their profiles due to the more advanced chemical change in the 40 minute 
compared to the 20 minute specimen for any given instillation. Never- 
theless, in spite of these irregularities, in all but the ‘‘static samples”’ there 
was an obvious tendency for the total bicarbonate and pH values to in- 
crease and for the chloride values to decrease as the ileocecal valve was 
approached. The over-all shape of the curves was quite regular. All, in 
some degree, showed an initial flat section, followed, about the 4th hour, 
by a steep slope to the maximum bicarbonate and minimum chloride con- 
centrations. This break may serve as a landmark for the chemical char- 
acterization and identification of a definite segment not yet recognized on 
other grounds. 

The differences observed between any two samples on a single instillation 
may be the result of two factors acting in combination: (1) an absorption- 
secretion process which progresses with time and is more manifest in the 
older, 40 minute sample, i.e. a simple time factor, and (2) a time-distance 
factor, i.e. the attainment of more distal mucosal surfaces with differing 
chemical characteristics. The extent to which these two factors partici- 
pate during the time of one instillation was approached statistically. A 
comparison of the chemical data on the 20 and 40 minute samples of 76 
complete instillations shows that time is one important factor, especially 
in the cases with good motor activity. The mean values of the 76 pairs 
of data with respect to the various determinations, as well as the derived 
values for bicarbonate and carbonic acid, along with their standard errors 
and critical ratios are given in Table I. The pH, total COs, and the de- 
rived values for bicarbonate are all significantly higher in the 40 minute 
samples; the total base remains constant, while the chloride concentration 
is significantly lower in the older sample. 

In contrast to these findings are those on the “‘static samples” in which 
only small differences of no significance occur in all the components ex- 
amined. 

The evaluation of the distance factor is more difficult because intestinal 
distance traversed in a given time is entirely unknown. Certainly it varies 
with the individual and the general region of the intestine involved and 
the rate is probably not uniform over short periods; hence there is small 
basis on which the data as a group can be rigidly examined. 

The average time interval separating any 40 minute specimen from the 
20 minute specimen of the next instillation was 46 minutes. Assuming a 
fairly uniform rate, the apparatus could have advanced as far as it had 
during the time the 40 minute specimen was being carried. If the distance 
factor was a sizable one in causing the changes produced in the 40 minute 
specimen, a similar increment of change should be evident in the next 
20 minute sample. Examination of 63 such pairs of samples with respect 
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to pH showed the more distal sample to have indeed a higher pH. The 
pH of the 40 minute samples had a mean value of 7.165 + 0.061, while 
that of the more distal 20 minute sample was 7.212 + 0.057 (probability 
of 6 in 100). This would seem to indicate that the chemical characteris- 
tices of the mucosa traversed by the apparatus in 46 minutes (carrying 
saline during the last 20) have changed to the extent that saline exposed 
for 20 minutes is altered slightly more than saline exposed in the previous 
segment for 40 minutes. 


TaBie I 
Summary of Changes Occurring in 150 maw of NaCl during 20 Minute and 40 Minute 
Periods within Small Intestine 





20 min. samples 40 min. samples | 




















76 instillations (15 subjects) eae on eames _ cee li: Ee ae a Critical 
Mean | Seto | Men | Stet | 
pH, 38° |, 7.108 | 40.0531 | 7.261 | 40.0555 | 8.1 
Total CO;, mar 12.09 | +1.096 | 17.88 | +1.560 | 8.4 
HCO;, ma 11.2 * +1.088 | 17.02 | 41.527 8.8 
CO., ma 0.824 | +0.0243 | 0.858 | +0.0244 1.8 
Total base, m.eg. per l | 146.88 | +0.441 146.85 | +0.425 0.08 
Total chloride,* m.eq. per l... | 134.33 | +1.289 | | 127. 32 | +1.794 5.6 
12 instillations (3 subjects) “et Static samples on 
pH, 38 | 6.250 | £0.00 | 6.317 | +0.106 | 0.90 
Total CO., mu ..| 3.308 | 40.535 4.044 | 40.736 1.41 
HCO;, mu | 2.131 | +0.614 | 2.710 | 40.764 1.06 
CO,, ma | 1.305 | 40.157 | 1.333 | 40.173 | 0.20 
Total base, m.eq. per l | 153.88 | 40.529 | | 152. 15 | 40.634 | 0.02 
Total chloride,t m. eq. perl.... 4 145.15 | +1.02 | 143.4 +1.59 | 0.9 











” D: ata on forty-one ‘instillations, eight subjects. 
+t Data on six instillations, two subjects. 


The importance of the distance factor is clearly substantiated in the 
“static samples” in which, in the absence of propulsive motility, the time 
factor alone was ineffective in producing any significant changes in the 
saline. 

These factors do not appear to influence total osmotic concentration, as 
indicated by the constancy of the total base in all samples at all intestinal 
levels. The carbonic acid concentration was likewise stable, showing but 
a small and insignificant tendency to fall as the lower segments were 
reached. (See Fig. 2 which depicts the relationships between bicarbonate, 
CO, tension, and pH in the same two subjects used for Fig. 1.) Conse- 
quently the variations in pH are due to changes in the bicarbonate ion. 
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This is in agreement with our previous data on dogs and those of McGee 
and Hastings (8) for human jejunal juice. 

It is our belief that the chemical changes observed are conditioned by 
the presence of the saline in only the small intestine and that they cease 
to be manifest as soon as the colon is reached. A few samples obtained 
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Fig. 2. Bicarbonate-CO, changes in relation to pH (center scale) in saline instilla- 
tion in human intestines. The figures indicate the sequence of the points. The solid 
lines connect points in the same instillation. 


from the colon and some ileal samples obviously contaminated with colonic 
contents were distinctly less alkaline, carried less CO,, and were higher in 
chloride than the definitely ileal samples from the same subject. A rather 
abrupt fall in the pH at -the ileal-colon junction has been recorded by 
Graham and Emery (4) who studied the intestinal contents of freshly 
killed dogs. 
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DISCUSSION 


Our data confirm the prevailing belief that the small intestine is able to 
adjust its contents to a more alkaline reaction as the ileocecal valve is 
approached. At a certain level, reached about the 4th hour, there is a 
marked accentuation of the gradient that makes this adjustment possible. 
We are unable to state directly which anatomical section is concerned, but 
there is indirect evidence from the literature that it is the ileum. This 
indirect evidence rests on the confirmed observation of Dennis and Visscher 
(3) and unpublished results of our own that ileal loops in dogs are far more 
efficient in depleting their content of chloride than jejunal loops together 
with the report of Ingelfinger and Abbott (6) that an intubation apparatus 
very similar to ours requires about 2 hours after the pylorus is reached to 
traverse the jejunum and 3 to 6 hours to pass through the ileum. In our 
cases, the marked fall in chloride, as well as the rise in total CO, and pH, 
had its beginning at the time when the apparatus might be expected to 
have first fully entered the ileum. 

McGee and Hastings have concluded that the high carbon dioxide ten- 
sion in jejunal juice is the result of a specific secretory process. If this is 
so, it would seem to parallel in a chemically equivalent manner a process 
by which chloride is absorbed or removed from the saline. From Table I, 
it may be verified that in 20 minutes the sodium chloride solution, originally 
150 milliequivalents per liter, had gained 11.27 milliequivalents per liter 
of bicarbonate and lost 12.55 milliequivalents of chloride unattended by 
base. At the end of 40 minutes an additional 6.59 milliequivalents per 
liter of bicarbonate appeared, while 7.01 milliequivalents of chloride 
disappeared. 

To explain the equivalent and reciprocal relationships of the bicarbonate 
and chloride ions solely on the basis of secretion would necessitate the 
entrance, during 40 minutes, of about 11 cc. of 146 mm sodium bicarbon- 
ate, which would thereby raise the bicarbonate ion concentration to about 
25 milliequivalents per liter instead of the 17 milliequivalents actually 
obtained. 

Although much significance cannot be attached to the volumes recov- 
ered, in 64 instillations uncomplicated by emesis or signs of obstructive 
hypersecretion, the average volume introduced was 54.4 + 1.27 cc. and 
that recovered was 56.5 + 2.85 cc. A consistent secretion of some 11 ce. 
per instillation might reasonably have been reflected in a greater difference 
than was obtained. 

The fluid circuit theory developed by Peters and Visscher (11) to explain 
the chloride depletion of isotonic saline and more especially isotonic mix- 
tures of NaCl and Na,SO, by the ileum is also inadequate. This theory 
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assumes that a hypotonic, non-chloride secretion occurs at the same time 
that chloride is being actively absorbed. Such a theory demands that the. 
osmotic activity and total base of the content show a reduction. While 
it will be found true that the total base for the “‘static samples” has an 
average value statistically greater than that of the others, between those 
samples in which a significant chloride and bicarbonate exchange did occur, 
there was no change in total base. The literature substantiates our data 
in regard to the amount and constancy of the total base in human succus 
entericus (8), in dog succus entericus (1), and in human ileal dejecta (18). 

It would seem more likely that the appearance of bicarbonate is linked 
in some way with a definite absorption rather than dilution of the chloride. 
Herrin (5) has mentioned this reciprocal behavior of chloride and bicarbon- 
ate in pure succus entericus of the dog. He suggests that bicarbonate 
enters to compensate for chloride ion removed. He concludes that the 
mucosa can secrete these ions quite independently of their concentration 


in the blood stream. 


SUMMARY 


A study of the chemical composition of physiological saline introduced 
into the small intestine of eighteen normal human subjects permits the 
following generalizations: 

1. In the presence of normal propulsive activity, isotonic saline exposed 
for 40 minutes anywhere in the small intestine has a significantly higher 
pH and bicarbonate content and lower chloride content than when exposed 
for only 20 minutes. 

2. The magnitude of these chemical changes is accentuated when the 
ileum is concerned and attains maximum values in this region. 

3. The increase in pH is the result of an increase in bicarbonate ion which 
appears in amounts chemically equivalent to the chloride which disappears. 
Total base remains constant. 

4. Unless normal propulsive motility exists, no significant chemical 
changes occur during a period of 40 minutes as compared to a period of 
20 minutes. 

5. Such great variability is encountered that it is impossible to define 
limited regions of the small intestine in terms of discrete statistical ranges 
of their chemical potentialities. 


We are indebted to Dr. Paul Denson for assistance in the statistical 
analysis of our results and to Dr. H. C. Francis and staff of the Department 
of Radiology for assistance in the x-ray examinations. 
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THE EFFECT OF ATABRINE ON THE OXYGEN 
CONSUMPTION OF TISSUES 


By C. I. WRIGHT ann JEAN C. SABINE 
(From the Division of Physiology, National Institute of Health, Bethesda, Maryland) 


(Received for publication, June 8, 1944) 


Atabrine has recently attained wide use as a substitute for quinine. A 
review of the literature indicated that atabrine interferes with the O, con- 
sumption of Plasmodia (1) without affecting the O. consumption of the tis- 
sues of the host (2). In view of the rather severe toxic reactions that have 
been observed in man and animals (3, 4), the effect of atabrine on tissue O, 
consumption was reexamined and it was found that the drug does inhibit O, 
consumption of mammalian tissues at relatively low concentrations. The 
point of attack is probably on the yellow enzyme systems. 


Methods 


Measurements of O, consumption were made with a Barcroft differential 
type of manometers fitted with side arm flasks of approximately 20 ml. 
capacity. The suspending medium was a phosphate-buffered (pH 7.3) 
physiological salt solution, as described by Dickens and Greville (5). The 
manometer flasks were flushed out with O, after being placed in the water 
bath at 37.4°. The tissue slices were dried at 100°, and the results caleu- 
lated as c.mm. of O. per mg. per hour. 

The d-amino acid oxidase was prepared as described by Krebs (6). Sheep 
kidneys were ground, washed with acetone, dried, and stored in a vacuum 
desiccator. 1.5 gm. of the dried kidney were ground with sand and 20 ml. 
of water, centrifuged, and the supernatant (KE) used as the enzyme prepa- 
ration. In order to prepare the prosthetic group, KE was treated with 
t volumes of methanol or heated to 80° for 10 minutes. In either proce- 
dure the resulting precipitate was removed by centrifuging and the super- 
natant evaporated to dryness. The residue was taken up in physiological 
salt solution. The preparation obtained by the methanol treatment is 
designated KM, that obtained by heat treatment KH. 


Results 


The effect of atabrine on the O, consumption of tissue slices from organs 
of the rat is shown in Fig. 1. The atabrine was tipped from the side arm of 
the manometric flask after a control period of 45 minutes, as indicated on the 
time axis. The initial effect of the drug on the liver slices from a well 
nourished rat (Fig. 1, A) is a marked stimulation of O, consumption. This 

315 








316 EFFECT OF ATABRINE ON TISSUE OXYGEN 


is followed by a fall in O2 consumption to approximately 5 per cent of the 
control rate. If the rat is fasted for 24 to 48 hours immediately preceding 
the removal of the liver, the initial rise in O. consumption is greatly dimin- 
ished or disappears completely (Fig. 1, B). Such periods of fasting reduce 
the glycogen content of rat liver to 0.1 per cent (7). Atabrine causes a fall 
in the rate of O. consumption of brain (Fig. 1, D) and kidney slices (C). 
The immediate effect on brain is to increase the rate slightly. 
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Fic. 1. The inhibition of the O, consumption of rat tissue slices by atabrine. The 
molar concentration of atabrine is given for each curve. 


Fig. 2 shows that liver and brain slices are able to catalyze the oxidation 
of p-phenylenediamine after being heavily treated with atabrine. 

Neither lactate, pyruvate, citrate, fumarate, nor malate is able to restore 
the O, consumption of tissues after thorough treatment with atabrine. 
However, the addition of succinate after treatment with atabrine causes a 
sharp rise in O2 consumption (Fig. 3). With liver, the excess O. consumed 
is very nearly equivalent to the theoretical amount required to convert the 


succinate to fumarate. 
Atabrine inhibits the oxidation of dl-alanine by Krebs’ d-amino acid oxi- 
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Fic. 2. The oxidation of p-phenylenediamine (0.01 m) by tissue slices after treat- 
ment with atabrine (0.001 m). Curve 1 represents the O, consumption of tissues 
treated with atabrine and p-phenylenediamine, and Curve 2 those treated with 
p-phenylenediamine alone. 
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Fic. 3. The oxidation of succinate (0.02 m) by tissue slices after treatment with 
atabrine (0.001 m). Curves 1 and 2, as in Fig. 2. 
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dase (KE), as shown in Fig.4. The alanine was added from a side arm into 
the flask containing 0.5 ml of the enzyme preparation, atabrine at the de- 
sired concentration, and sut:. .ent 9 per cent pyrophosphate buffer (pH 8.2) 
to make a final volume of 3.0ml. 5 X 10~‘M atabrine definitely retards the 
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Fig. 4. The inhibition of d-amino acid oxidase by atabrine. The molar concen- 


tration of atabrine (MAT) is indicated on each curve. The substrate was dl-alanine 
(0.007 m) 
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Fie. 5. The protection of liver slices against atabrine (0.001 m) by the prosthetic 
group of d-amino acid oxidase. The amount of prosthetic group (KM) is given for each 
curve as gm. of dried kidney from which it was prepared. 


enzymic activity under these conditions. The inhibition can be partially 
offset by adding the prosthetic group prepared by heat (KH) or methanol 
(KM) treatment of the enzyme preparation. 

The addition of the prosthetic group of the d-amino acid oxidase prepara- 
tion, as derived by heat or methanol treatment, protects tissue slices against 
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the toxic effects of atabrine (Fig. 5). In the experiment shown, 0.001 m 
atabrine and KM were tipped onto the liver slices at 25 minutes. The 
amount of KM added is indicated for each curve as gm. of dried kidney from 
which it was prepared. Complete protection against atabrine is afforded 
by the prosthetic group from 0.3 to 0.6 gm. of kidney under the conditions 
of the experiment. 


DISCUSSION 


Martin and coworkers state (2) that atabrine, at a concentration of 3 
mg. per 100 mg. of tissue, has no effect on the O, consumption of brain or 
other organs. This would represent a concentration of approximately 2 x 
10-* M, assuming a volume of 3.0 ml. in their experiments. We were able to 
demonstrate almost complete inhibition of brain respiration at less than 
5 X 10-* m concentration of atabrine. 

The fact that tissues are able to catalyze rapidly the oxidation of p-phen- 
ylenediamine or succinate, after thorough treatment with atabrine, shows 
that the inhibition of O, consumption is probably not due to interference 
with the cytochrome or the cytochrome oxidase of the respiratory mechan- 
ism. The oxidation of succinate also shows that succinic dehydrogenase is 
not blocked by the concentrations of atabrine used. 

The other known links in the respiratory chain are the pyridino-protein 
enzymes and the yellow enzyme, cytochrome reductase (8). There is no 
evidence as to the effect of atabrine on the pyridino-protein enzymes but the 
fact that it inhibits d-amino acid oxidase indicates that the interference with 
respiration might be through the yellow enzymes. The proof of this 
possibility would require the examination of the effects of atabrine on a 
respiratory system comprised of isolated enzymes. Since such a program 
was precluded by commitments on other problems, the results, as presented 
here, were communicated to Dr. Haas. The results of his investigation are 
given in the following paper. 


SUMMARY 


Atabrine inhibits the O, consumption of rat liver, brain, and kidney slices. 
After such inhibition the tissues are unable to oxidize glucose, lactate, pyru- 
vate, malate, citrate, or fumarate, but can oxidize succinate with a con- 
sumption of O, equivalent to a conversion to fumarate. After treatment 
with atabrine the tissues catalyze the oxidation of p-phenylenediamine. 
Atabrine also inhibits d-amino acid oxidase. The prosthetic group of this 
enzyme prevents the fall in O. consumption due to atabrine. The indica- 
tions are that atabrine interferes with the yellow enzyme systems. 
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THE EFFECT OF ATABRINE AND QUININE ON ISOLATED 
RESPIRATORY ENZYMES 


By ERWIN HAAS* 


(From the George Herbert Jones Chemical Laboratory of the University of Chicago, 
Chicago) 


(Received for publication, June 8, 1944) 


Oxygen consumption and utilization of glucose appear to play an impor- 
tant réle in cultivation and survival of malaria parasites (1-4). Anti- 
malarial drugs effectively inhibit respiration of the parasite (5, 6) and 
comparable inhibition of the respiration of mammalian tissue by atabrine 
(7) has been reported by Wright and Sabine.' It is conceivable that the 
inhibition of parasite respiration observed in vitro is indicative of a similar 
process taking place in the body when the drug is therapeutically effective. 
Therefore it seemed desirable to investigate the action of antimalarials on 
the isolated components of the respiratory enzyme system. Knowledge of 
the effects of these important drugs on enzymes of known structure may 
offer a better understanding of the mechanisms of therapeutic activity and 
toxicity. 

In Fig. 1 the components of the respiratory system are arranged in the 
order in which they react with each other, with molecular oxygen, and with 
the substrate. By selecting proper concentrations conditions can be so ad- 
justed that any reaction in this scheme becomes the rate-determining factor. 
Specific tests were developed, by use of spectrophotometric and mano- 
metric methods, permitting precise investigation of the action of the drug 
on each component. Detailed descriptions of the tests are given to facili- 
tate studies on the effect of therapeutic agents on various components of 
the respiratory system. Additional information may be gained by con- 
sidering intermediate steps rather than by studying over-all reactions. 

Inhibition of Cytochrome Oxidase—The enzyme was prepared according 
to the new procedure (8). Enzymatic activity and inhibition were meas- 
ured in Warburg manometers after incubation at 25° in 0.05 m phosphate 
buffer of pH 7.1. Incubation of the enzyme with atabrine for 15 minutes 
or for 8 hours produced the same inhibition. The effect of atabrine and 
of quinine on cytochrome oxidase is shown in Table I. 

Under these conditions the oxygen consumption is proportional to the 


* Present address, Worcester Foundation for Experimental Biology, Worcester, 


Massachusetts. 
! Personal communication from Dr. C. I. Wright, who also kindly supplied a sample 


of atabrine. 
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Determination of Cytochrome Oxidase . 


2.5 ec. of 0.05 m phosphate buffer, pH 7.1 
of hydroquinone; temperature, 25°; gas phase, air 
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TaBLe | 
Activity; Inhibition by Atabrine and Quinine 


, + 1.0 mg. of cytochrome c + 3.0 mg 


Experiment | Experiment Experiment | Experiment 
Ill IV Vv VI 


Experi- Experi- 
| ment I ment II Atabrine Quinine 
j 0.2. 10 mw; 1X10*w | 05X10 %*u!| 1X10? 
ce ce ce ce ce cc. 
Cytochrome oxidase. 0.05 0.10 0.10 0.10 0.10 0.10 
Oxygen uptake in 15 min. 
c.mm c.mm "mm c.mm c.mm c.mm. 
30 60 17 | 24 50 | 43 
per cent per cent per cent | per cent 
22 60 17 28 


Inhibition 
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enzyme concentration. Atabrine inhibits cytochrome oxidase 3 times as 
effectively as quinine. However, the inhibition is too small to account 
for the effect of atabrine on theerespiration of malaria parasites. Oxida- 
tion of p-phenylenediamine occurs despite treating the tissue with atabrine, 
as shown in the preceding paper (7). This observation, however, does not 
rule out inhibition of cytochrome oxidase by atabrine. Oxidation of 
p-phenylenediamine can take place not only through the cytochrome oxi- 
dase system but also independently through a cyanide-insensitive catalyst, 
presumably cytochrome b (9). 

Experiments with Cytochrome c—For determination of cytochrome activ- 
ity a method similar to that of Keilin and Hartree (10) and Stotz, Harrer, 
Schultze, and King (11) was used. In this test cytochrome c is reduced 
by ascorbic acid and subsequently reoxidized in the presence of molecular 


TaB_e II 
Test for Cytochrome c Activity 
2.0 ce. of 0.06 M phosphate buffer, pH 7.1, + 2.0 mg. of ascorbic acid; temperature, 
25°; gas phase, air. 
Experiment | Experiment Experiment | Experiment 
I II | Il IV 


|. ee | ome ee 


Atabrine concentration, | 0.001 
Cytochrome c, mg. 1.0 2.0 2.0 2.0 


- oxidase, cc. 0.50 0.50 0.25 0.50 





Oxygen uptake in 30 min. 
sp c.mm. c.mm. c.mm. | c.mm. 


| 
| 2.5 | 41 | 40 40 


oxygen and cytochrome oxidase. The rate of oxygen consumption is 
proportional to the concentration of cytochrome ec and is independent of 
the oxidase concentration. The latter condition is important because ata- 
brine will react with the oxidase. Cytochrome was incubated with and 
without atabrine in 0.05 ™m phosphate buffer of pH 7.1 but no inhibition 
took place even after 8 hours at 25°. Experimental details are given in 
Table II. 

Inhibition of Cytochrome Reductase by Atabrine—Observations of Wright 
and Sabine on the oxygen consumption of tissue slices and on a crude 
preparation of d-amino acid oxidase indicated that atabrine interferes with 
yellow enzyme systems. In order to correlate observations in vivo and 
in vitro and in order to obtain a better understanding of the atabrine action, 
a more detailed study of reactions of cytochrome reductase with anti- 
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malarials was undertaken. Cytochrome reductase consists of a dissociating 
complex made up of a specific protein and a prosthetic group, alloxazine 
mononucleotide (vitamin B, phosphate) #12). Our experiments indicate 
that atabrine reacts irreversibly with the free protein of the enzyme. The 
antimalarial agent competes with the prosthetic group for the protein, 
forming an inactive drug-protein complex which accounts for the blocking 
of the pathway of respiration. This conclusion is supported by experi- 
ments in which the temperature and the concentrations of atabrine and 
of vitamin B,; phosphate have been varied. The inhibition by atabrine 
depends considerably on the temperature. As expected, greater inhibition 
occurs at elevated temperatures because the enzyme complex dissociates 
to a greater extent, thereby increasing the concentration of the free pro- 
tein. Furthermore, the inhibition depends on the concentrations of both 
atabrine and vitamin B, phosphate, because the relative proportion of 
prosthetic group to drug determines whether the enzymatically active 
vitamin-protein complex or the inactive drug-protein complex predominates. 

Enzymatic activity and inhibition are determined by measuring the 
rate of reduction of cytochrome c in the specific cytochrome reductase 
test previously described (12). The rate of reaction is proportional to the 
concentration of cytochrome reductase, but it is independent of the con- 
centration of the other components. The test substances, prepared as 
previously described (12), had been stored for 3 years at 0°. A solution 
of cytochrome reductase (1 X 10~-* m) was incubated for 15 minutes (0.02 m 
phosphate buffer, pH 8.3; 25°) with various concentrations of atabrine 
(4 X 10° to 1 X 10-*M). Incubation was carried out with an enzyme 
solution of higher concentration, as cytochrome reductase is unstable in 
dilute solutions. For determination of enzymatic activity the solution was 
diluted 100-fold with phosphate buffer containing atabrine of the indicated 
concentration. Experimental details of the test are given in Table III. 

The results of Table III indicate that the inhibition of cytochrome reduc- 
tase depends to a considerable extent on the atabrine concentration. The 
effect of temperature has been investigated under similar conditions 
(Fig. 2). 

The inhibition of cytochrome reductase at 25° is 11 times higher than 
that at 0°. The instability of the isolated enzyme does not permit experi- 
mentation at an elevated temperature, but extrapolation to 38° indicates 
that about 50 per cent inhibition might be expected by 3 X 10-5 m atabrine 
at body temperature. 

Antagonism between Atabrine and Alloxazine Mononucleotide—The com- 
petition between atabrine and the prosthetic group for the enzyme protein 
may be demonstrated in two ways. Inhibition occurs upon addition of 
increasing amounts of the drug to a constant amount of prosthetic group 
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(Table III). On the other hand inhibition can be prevented by supplying 
increasing amounts of prosthetic group at a constant drug concentration 
(Table IV). 


Tass III 
Test for Cytochrome Reductase Activity; Inhibition by Atabrine 
Wave-length, 550 mu; length of absorption cell, 0.32 cm.; temperature, 25°; gas 
phase, air. 
1.0 ec. of 0.012 m phosphate buffer, pH 7.1, + 0.02 mg. of triphosphopyridine nu- 
cleotide + 0.90 mg. of hexose monophosphate + 0.12 mg. of Zwischenferment + 1.2 
mg. of cytochrome c. 





Experiment Experiment Experiment Experiment | Experiment 
I II Ill IV Vv 
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Fic. 2. Inhibition of cytochrome reductase as a function of temperature and 
atabrine concentration (enzyme incubated for 15 minutes). 


Alloxazine mononucleotide was prepared by splitting cytochrome reduc- 
tase with methanol, a method introduced by Theorell in studies on the old 
yellow enzyme (13). Methanol is added to a dialyzed solution of cyto- 
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chrome reductase and the denatured protein is removed by centrifugation. 
The supernatant solution is evaporated to dryness and the alloxazine mono- 
nucleotide redissolved in water. Cytochrome reductase was incubated in 
the presence of various amounts of prosthetic group (0 to 4 X 10-* m) with 
0.001 m atabrine (15 minutes, 25°, 0.02 m phosphate, pH 8.3). This en- 
zyme solution was diluted 100 times with an atabrine-phosphate solution 
and the activity measured as described in the test for cytochrome reductase. 

The results given in Table IV demonstrate that the inhibition by atabrine 
can be prevented by small amounts of alloxazine mononucleotide. The 
prosthetic group, when added in amounts comparable to those present in 
the enzyme, protects the protein; 1 molecule of prosthetic group is capable 
of neutralizing the action of about 500 molecules of the drug. This fact 


TaBLe IV 


Competition between Atabrine and Alloxazine Mononucleotids 


i, 
Experiment | Experiment | Experiment | Experiment Experiment | Experiment 
I II Ill IV V VI 


Atabrine concentra- 


tion, M 1X 10-7; 1 X 10-*| 1 KX «10°? |1 XK «107-7 |1 X 10-3 
Cytochrome reduc- 

tase, M 1x 10°°' 1 X 10°°| 1 X 10°*| 1 K «10°* jl X «10°° 
Alloxazine mononu- 

cleotide, m 1 <X 10-*| 2 X 10-* |4 X 10°-* |4 X 10°* 


Rate of reduction of cytochrome c 


A log CyFe*** # - 
: , min. 10.094 | 0.019 | 0.047 | 0.072 0.087 10.006 
At | 


Inhibition, % iSO 50 23 7 


indicates that the enzyme protein has a much greater affinity for the 
alloxazine mononucleotide than for atabrine. Consequently, it may be 
anticipated that some of the alloxazine derivatives may be effective anti- 
malarials, acting by combining irreversibly with specific enzyme proteins. 
A vitamin B, analogue may take up the space but not the function of the 
vitamin, thus preventing respiration and growth of the parasite. The 
reaction of atabrine with cytochrome reductase is an irreversible process. 
Addition of the prosthetic group does not restore enzymatic activity after 
inhibition has taken place. Since the in vitro action of atabrine on respira- 
tory enzymes can be counteracted by vitamin B, phosphate, the efficiency 
of the drug in vivo might be considerably enhanced by avoiding an excess 
of the vitamin in the diet during treatment of malaria. 

Inhibition of Cytochrome Reductase by Quinine—Quinine was investigated 
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under the conditions described for atabrine and was found to be 12 times 
less effective than atabrine in inhibiting cytochrome reductase; e.g., 0.0005 
and 0.001 m quinine inhibited only 14 and 30 per cent respectively. 

Reaction with Glucose-6-phosphate Dehydrogenase—The enzyme which 
oxidizes glucose-6-phosphoric acid to phosphohexonic acid consists of a 
specific protein (Zwischenferment or Protein I in Fig. 1) and a prosthetic 
group, triphosphopyridine nucleotide (14, 15). The effect of antimalarials 
on the prosthetic group and on the protein has been investigated separately. 
The activity of triphosphopyridine nucleotide after incubation with ata- 
brine in buffered solution was measured in the analytical test previously 
described (16). 

The reaction rate (Table V) in the test is proportional to triphospho- 
pyridine nucleotide and independent of the concentration of cytochrome 
reductase. Triphosphopyridine nucleotide is not inhibited by atabrine. 


TABLE V 
Determination of Triphosphopyridine Nucleotide Activity; Incubated with Atabrine 











| 
| Experiment Experiment | Experiment Repyapent 
earn Cae en AE Me ie 204 
Atabrine concentration, m 0.001 
Triphosphopyridine nucleotide 
concentration, M 1.3 X 10-7 | 2.6 XK 1077 | 2.6 X 10-7 | 2.6 XK 10-7 
1x! 


Cytochrome reductase, 1 xX 10°° 0.5 X 10°° 0-6 1 X 10°° 


! 


Rate of reduction of cytochrome c 
| | 
, min. | 0.027 | 0.055 | 0.055 | 0.055 


| 


A log CyFe* ++ 
At 





A new colorimetric test was introduced for studies on the protein moiety 
of the dehydrogenase because the strong absorption of ultraviolet light by 
atabrine interferes with ultraviolet spectroscopy. Experimental details 
of the test are given in the following paper (17). Atabrine strongly in- 
hibits the action of this protein while quinine (0.001 m) has no effect. 
Addition of glucose-6-phosphate or triphosphopyridine nucleotide protects 
the protein to a certain extent against the inhibitory action of atabrine. 
The protein was incubated with 0.0005 m atabrine and 0.02 m phosphate, 
pH 8.3, for 15 minutes at 25°, with addition of varying amounts of glucose- 
6-phosphate (0.0002 to 0.002 m). For determination of enzymatic activity 
the solution was diluted 10 times with phosphate buffer containing ata- 
brine. Table VI demonstrates the inhibition by atabrine and the effect 
of glucose-6-phosphate. 

Relatively high concentrations of the substrate, glucose-6-phosphate, 
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are required to protect the Zwischenferment from the inhibiting action of 
atabrine, while the prosthetic group, alloxazine mononucleotide, is 1000 
times more effective in protecting its protein. This higher efficiency pre- 
sumably is due to the greater stability of the flavin-protein complex 
(K = 10-*M) as compared with the glucose-6-phosphate-protein complex 
which is dissociated to a much greater extent (K = 10-*m). Competition 
between prosthetic group and atabrine for the enzyme protein has been 
demonstrated (Table IV) and the mechanism of atabrine action was inter- | 
preted as displacement of the prosthetic group by the antimalarial agent. 


Taste VI 
Inhibition of Zwischenferment by Atabrine; Effect of Glucose-6-phosphate 
Wave-length, 600 my; length of absorption cell, 1.0 cm.; temperature, 25°. 3.0 
ec. of 0.015 m phosphate buffer, pH 8.3, 0.02 mg. of triphosphopyridine nucleotide, 
0.02 mg. of 2,6-dichlorophenol indophenol, 3.0 mg. of Zwischenferment. 





Experiment | Experiment Experiment Experiment Experiment Experiment 
la II Ila Ii! Illa 
— a" |— ad 
Atabrine | 
concen- | 
tration, | | 
M | 5 x 10-¢ 5 X 10°* | | 5 X 10-4 
Glucose- | 
6-phos- 
phate 
concen- | 
tration, 
1 xX 10 1 X 10 2X 10° 2 xX 10-4 


M 0.2 X 10°* | 0.2 X 10 


Velocity of reaction (decolorization of 2,6-dichlorophenol indophenol) ; 
galvanometer deflection per 5 min. 


66 [15 


112 64 111 85 
per cent percent | | per cent 
Inhibition (77 43 23 


A second mechanism of atabrine action, namely displacement of the sub- 
strate by the drug, is suggested by the results of Table VI, which show that 
substrate and drug also compete for the enzyme protein. Antagonism 
between “essential metabolites” and drugs was suggested on the basis of 
experiments with living cells (18-20). This is demonstrated more clearly 
on isolated enzymes of known structure. 

A summary of the effects of atabrine on respiratory enzymes is given in 
Table VII, together with results previously obtained on the respiration of 
malaria parasites (5) and on the respiration of mammalian tissues (7). 
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Among the known components of the respiratory system only cytochrome 
reductase and Zwischenferment need to be considered as possible points of 
interference by atabrine. This is brought out by the results in Table VII. 
The inhibitory effect of quinine on isolated enzymes is summarized in 
Table VIII and compared with that produced by equal concentrations of 
atabrine. 

Quinine is much less effective than atabrine in inhibiting parasite respi- 
ration (5) and isolated respiratory enzymes. Therefore, the action of 
quinine as an antimalarial agent probably does not take place through 
interference with respiratory processes. Inhibition of the known respira- 
tory catalysts would require a quinine concentration considerably in excess 
of the amounts normally used therapeutically. 


Taste VII 
Effect of Atabrine on Isolated Respiratory Enzymes, on Parasite Respiration, and on 
Tissue Respiration 





Enzymes Temperature a Inhibition 
Bhar. 0Al er, ENE 

c. M | per cent 
Cytochrome oxidase 25 10 X 10-¢ 60 
a c | 25 10 x 10+ 0 
sy reductase 25 2X 10 49 
“ “ ccc) 8) | 0.3) x 10™4 (60) 
Triphosphopyridine nucleotide 25 | 10x 10 0 
Zwischenferment (Protein I) 25 | 5 X 10-* 77 
Respiration of malaria parasites | 38 1 X 10 61 
o ‘* mammalian tissue ' 38 5 X 10% 61 





The values in parentheses were obtained by extrapolation, while all other values 
in the table are experimental figures. 


Very little is known about the respiratory mechanism of malaria para- 
sites, although the following indirect evidence seems to indicate that it 
conforms with the general scheme of biological oxidations: Malaria Plas- 
modia utilize glucose and their respiration is inhibited by KCN (21), 
suggesting participation of a heavy metal-containing enzyme like War- 
burg’s Atmungsferment. Finally, the respiration of parasites as well as of 
mammalian tissues can be inhibited by atabrine. 

An attempt was made to obtain some of the known respiratory catalysts 
from isolated parasites in order to elucidate their respiratory mechanism. 
We are greatly obliged to Dr. William B. Wendel, University of Tennessee, 
for a generous gift of Plasmodium knowlesi which he had isolated from 
erythrocytes of heavily infected Macaca mulatta monkeys and dried in vacuo 
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at room temperature after extensive washing. The parasites were very 
stable and could not be disrupted by autolysis for a week at room tempera- 
ture, by bacteriolytic action of lysozyme, by ultrasonic waves, by grinding 
with powdered glass, or even by heating to 90°. All these procedures as 
well as variation of pH, salt concentration, and time of autolysis failed to 
release cytochrome reductase or triphosphopyridine nucleotide, although 
very small amounts could have been detected with the analytical methods 
described. No disintegration of the parasites took place, as evidenced by 
microscopic investigation and by the observation that practically no pro- 
tein was released during all these manipulations. Disintegration might 
occur in similar experiments with fresh parasites, which unfortunately 
were not at our disposal. 


Tasie VIII 
Comparison of Inhibition by Atabrine and by Quinine; Drug Concentration, § X 10-4 
Inhibition by Relative 
, . effectiveness® 
nzyme em perature "i Atabrine 
Atabrine Quinine Quinine 
"Ge per cent per cent 
Cytochrome oxidase 25 40 17 3 
- reductase 25 73 14 12 
Zwischenferment (Protein 1) 25 78 0 * 
Respiration of Plasmodium 
knowlesi 38 SO 26 20 


* At low concentrations of the drug at which inhibition is proportional to the 


drug concentration 


SUMMARY 

1. A description of enzymatic tests is given which will facilitate the 
study of the effects of therapeutic agents on the components of the respira- 
tory enzyme system. 

2. The activity of cytochrome reductase and glucose-6-phosphate de- 
hydrogenase is inhibited by low concentrations of atabrine. Cytochrome 
oxidase is less affected, while triphosphopyridine nucleotide and cytochrome 
¢ are not inhibited at all. 

3. Inhibition of cytochrome redtictase is caused by an irreversible reac- 
tion of atabrine with the free protein, whereby the drug competes with 
the prosthetic group of the enzyme. Antagonism between prosthetic group 
and antimalarial agent has been demonstrated in preventing drug action 
by addition of alloxazine mononucleotide. 

4. The enzyme protein has a much greater affinity for the prosthetic 
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group than for atabrine, since 1 y of vitamin B, phosphate will neutralize 
the action of about 500 y of atabrine. 

5. Atabrine inhibits glucose-6-phosphate dehydrogenase by reacting with 
the protein moiety of this enzyme. Addition of glucose-6-phosphate par- 
tially prevents and even reverses the inhibition by atabrine, which is 
evidence for a competition between substrate and drug. 

6. Quinine is much less effective than atabrine as an inhibitor of respira- 
tory catalysts. This suggests that the antimalarial action of quinine 
probably is not due to interference with the respiratory processes of the 
parasite. 


We are particularly indebted to the Rockefeller Foundation for the 
financial support which has made this work possible and to Elisabeth Haas 
for her technical assistance. 
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A COLORIMETRIC DETERMINATION FOR STUDIES INVOLV- 
ING COENZYMES 


MICRODETERMINATION OF GLUCOSE-6-PHOSPHATE 


By ERWIN HAAS* 


(From the George Herbert Jones Chemical Laboratory of the University of Chicago, 
Chicago) 


(Received for publication, June 8, 1944) 


Ultraviolet spectroscopy, which has been used so extensively in studies on 
the pyridine nucleotides (1-3), cannot be employed under all conditions. 
For example, certain antimalarial drugs, reported in the preceding paper, 
are colored substances which strongly absorb ultraviolet light. This diffi- 
culty was overcome by introducing a color reaction based upon the reduc- 
tion of 2,6-dichlorophenol indophenol by dihydrocoenzymes. This new 
method makes feasible the investigation of coenzymes, dehydrogenases, and 
substrates in the visible region of the spectrum and offers certain advantages 
over the ultraviolet test. (1) Smaller amounts of the pyridine nucleotides 
are sufficient in this assay because of the catalytic function of the coenzyme, 
whereas stoichiometric amounts were previously required. (2) The sensi- 
tivity of the optical determination is increased because the light absorption 
of the dye is higher than that of the coenzyme. (3) A simple colorimeter 
with a red light filter can now be used instead of a spectrophotometer re- 
quired for the ultraviolet region, since the dye has a broad absorption band 
between 560 and 640 mu. 

In this paper conditions for the quantitative determination of glucose-6- 
phosphate and Zwischenferment are described. The dye is readily reduced 
and decolorized in the following system: glucose-6-phosphate-Zwischenfer- 
ment-triphosphopyridine nucleotide-2 ,6-dichlorophenol indophenol. This 
colorimetric method should also be useful in the study of reactions involv- 
ing diphosphopyridine nucleotide. 


Determination of Zwischenferment 


In the experiments reported in Table I conditions are so arranged that the 
rate of decolorization of the dye is proportional to the concentration of 
Zwischenferment. All components except Zwischenferment were added to 
the cell and a few minutes allowed for temperature equilibrium. Then the 
Zwischenferment was added and decolerization of the dye measured photo- 
metrically. The galvanometer deflection after addition of Zwischenferment 


* Present address, Worcester Foundation for Experimental Biology, Worcester, 
Massachusetts. 
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is directly proportional to the enzyme concentration for any time interval 
up to 7 minutes. No further calculation is required for the determination 
of enzyme concentration because of this direct proportionality. Autoxida- 
tion of the dye is negligible; hence no precautions against the presence of air 


TaBie I 
Analytical Method for Zwischenferment 
Wave-length, 600 mu; temperature, 25°; length of absorption cell, 1.0 em. 3.0 ce. 
of 0.015 phosphate buffer, pH 8.3,1.0 mg. of glucose-6-phosphate, 0.02 mg. of tri- 
phosphopyridine nucleotide, 0.02 mg. of 2,6-dichlorophenol indophenol, 3.0 mg. 
of Zwischenferment. 


Velocity (galvanometer deflection 
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Fig. | Fig. 2 
Fie. 1. Decolorization of 2,6-dichlorophenol indophenol as a function of Zwi- 
schenferment. Velocity as the galvanometer deflection in mm. per 5 minutes. 
Fic. 2. Decolorization of 2,6-dichlorophenol indophenol as a function of glucose-6- 
Velocity as the galvanometer deflection in mm. per 5 minutes. 


phosphate. 
need to be taken. Glucose-6-phosPhate, triphosphopyridine nucleotide, 
and Zwischenferment were prepared as previously described (4); 2,6-di- 
chlorophenol indophenol was a commercial product supplied by the La- 
Motte Chemical Products Company. The velocity of decolorization 
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(galvanometer deflection for the first 5 minutes) as function of the Zwischen- 
ferment concentration is shown in Fig, 1. 


Analytical Method for Glucose-6-phosphate 
The method as described in Table I may be used also for the microdeter- 
mination of glucose-6-phosphate. The velocity of reduction of 2 ,6-dichlor- 
ophenol indophenol as a function of glucose-6-phosphate is plotted in Fig. 2. 


SUMMARY 
1. Aspectrophotometric method is described which permits the investiga- 
tion of reactions involving pyridine nucleotides (coenzymes I and II). 
2. Advantages of the new method over the ultraviolet test are pointed 
out. 
3. Applications of the method are presented including a microdetermina- 
tion of glucose-6-phosphate which requires only about 10 y of substance. 


The author wishes to acknowledge his indebtedness to the Rockefeller 
Foundation for the support of the project in which this work developed. 
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A DIETARY FACTOR ESSENTIAL FOR GUINEA PIGS 


III. CHANGES IN THE DISTRIBUTION OF ACID-SOLUBLE PHOSPHORUS 
IN THE LIVER AND KIDNEYS DURING DEFICIENCY* 


By WILLEM J. van WAGTENDONK 


(From the Department of Chemistry, Oregon State College, Corvallis) 
(Received for publication, April 24, 1944) 


Previous investigations (1, 2) had revealed that guinea pigs raised on a 
diet lacking in the antistiffness factor (3) developed a typical deficiency 
disease. The first outward sign of the deficiency was the development of 
a stiffness at the wrist joint. As the disease progressed this symptom 
increased in severity. Upon autopsy of animals which had been on the 
deficient diet for a year or longer, large deposits of Ca, mainly in the form 
of calcium triphosphate, were found in connection with almost any body 
tissue, conspicuous locations being muscle, subcutaneous tissue, aorta, 
liver, and kidneys. This abnormal deposition of calcium phosphate sug- 
gested a derangement of the phosphorus metabolism. For this reason an 
investigation was made of the distribution of the acid-soluble phosphorus 
in the liver and kidneys of normal and deficient guinea pigs. The following 
fractions were determined: (1) total P; (2) inorganic P; (3) easily hydrolyz- 
able P (15 minutes hydrolysis with N sulfuric acid in a boiling water bath) 
accounting for 67 per cent of the adenosine triphosphate plus 50 per cent 
of the adenosine diphosphate; (4) aleohol-insoluble P, compounds yielding 
Ba salts insoluble in 80 per cent alcohol (mostly glycerophosphate and glu- 
cose phosphate); (5) mercuric-insoluble P, containing all the stable nucleo- 
tide P; (6) alcohol-soluble P, representing compounds yielding Hg and Ba 
salts soluble in 80 per cent alcohol. 


EXPERIMENTAL 


Guinea pigs 11 to 12 weeks of age and weighing from 300 to 350 gm. 
were segregated as to sex and housed in clean cages on autoclaved straw. 
The animals were fed ad libitum a diet of the following composition: 
skim milk powder 16 gm., copper sulfate 0.25 mg., ferric chloride 0.25 
mg., and water 84 gm. The average daily food intake was 280 gm., 


* A report of parts of this study was presented before the Division of Biological 
Chemistry at the 107th meeting of the American Chemical Society at Cleveland, 
April 3-7, 1944. 

Supported by grants from the Williams-Waterman Fund of the Research Corpora- 
tion and from the General Research Council of the Oregon State System of Higher 
Education. 
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approximately evenly divided over the morning and night feeding. Food 
was prepared twice a day. To the morning diet was added a solution of 
the water-soluble vitamins in such a concentration that the average daily 
vitamin intake was as follows: thiamine hydrochloride 0.2 mg., riboflavin 
0.5 mg., pyridoxine hydrochloride 0.1 mg., nicotinic acid 1 mg., Ca panto- 
thenate 0.1 mg., inositol 10 mg., p-aminobenzoic acid 2 mg., choline 50 
mg., and biotin (S. M. A. Concentrate S-200) 0.01 mg. A solution of the 
fat-soluble vitamins in cottonseed oil was added to the evening food. The 
average daily intake of these vitamins was §-carotene 150 1.U., viosterol 
$0 1.U., a-tocopherol 0.1 mg., 2-methyl-1 ,4-naphthoquinone 0.1 mg. Once 
a week 50 mg. of crystalline l-ascorbic acid, dissolved in water immediately 
before use, were administered by mouth. This amount is well above the 
minimum weekly dose recommended by Zilva (4). Water and iodized 
salt were provided ad libitum. The control animals received a stock diet 
composed of rolled barley, greens, water, and iodized salt ad libitum. The 
body weights of the guinea pigs were recorded twice a week throughout 
the course of the experiments. The animals on the deficient diet gained 
as regularly in weight as the stock animals and showed no signs of any 
deficiency diseases, except a constantly increasing stiffness at the wrist 
joint. 

Animals were sacrificed at various intervals and the distribution of the 
acid-soluble phosphorus in the liver and kidneys was determined according 
to the method of Rapoport et al. (5). Wherever possible groups of fifteen 
guinea pigs were used for analysis. 

The data were analyzed statistically according to the methods of Fisher 
(6). 


Results 


In Table I are represented the mean concentrations of the total acid- 
soluble phosphorus and of its fractions in the livers of guinea pigs receiving 
(a) the stock diet, (b) the deficient skim milk diet, and (c) the deficient 
skim milk diet supplemented with the antistiffness factor.' The most 
significant change took place in the easily hydrolyzable phosphorus. This 
fraction showed a decrease of close to 50 per cent after the animals had 
received the deficient diet for 1 week. The lower limit of this fraction ap- 
peared to be 3.4 mg. per 100 gm. of liver and was reached after a year. 
The total acid-soluble P fluctuated during the first weeks of deficiency. 
These fluctuations can be accounted for by the changes occurring in the 
other fractions. During the later stages of the deficiency the total acid- 

! This factor was administered as a solution in cottonseed oil of the crystalline 
material (100,000,000 units per gm.). The preparation of this material will be de- 
scribed in a later publication. 
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soluble P showed a significant increase which was caused by the increase 
in the inorganic P, mercuric-insoluble P, and alcohol-soluble P. The 
alcohol-insoluble P fluctuated slightly and seemed to be lower than normal! 
in the later stage of the deficiency. 

The last two horizontal rows of Table I represent the values of the 
different phosphorus fractions in the livers of guinea pigs receiving the 
TaBLe I 
Distribution of Acid-Soluble Phosphorus in Liver of Normal and Deficient 


Guinea Pigs 


Mean and S.£., mg. per 100 gm. 


\ge om he mina- —- Inor- Boy. Alcohol- |Mercuric-| Alcohol Sam of 
tions soluble . lyzable es a soluble fventlons 

WR ORS i 
14 | Stock 14 15 | 111.9/ 15.4] 14.2] 24.9! 46.6) 12.8] 113.9 
+2.0 +0.7 | 40.9 | +0.5 | 40.7 | 40.7 | 42.2 
65 é‘ 65 9 | 105.5 18.9| 16.6/ 17.9!) 45.5 | 10.6 | 109.5 
2.0 '+0.8 | +2.0 |} +0.8 | 40.7 | 41.0 | +2.2 
14 | Deficient i | 15 | 103.8} 27.4) 7.9] 20.5| 40.4] 9.7 | 106.5 
+0.8 |40.9 | 40.1 | 40.8 | 40.5 | 40.5 | 40.6 
15 z 2 15 | 122.0 | 26.6 5.4| 25.9] 44.4| 16.4 | 118.8 
+2.7 |+1.8 | 40.7 | 40.9 | 41.5 | 40.7 | 42.8 
16 “ 3 11 | 128.9 | 25.8 6.1} 23.9) 52.1 | 20.9 | 123.4 
+2.8 |+0.7 | 40.6 | 40.9 | 42.4 | 40.4 | 40.4 
20 é‘ 7 8 | 118.9] 24.6] 4.9] 19.3] 55.1 | 15.4] 119.4 
+4.0 |+1.2 | 40.6 | 41.9 | +2.0 | 40.9 | 43.7 
11 a 28 11 | 131.6 | 30.7 4.0| 20.5; 56.4! 18.0 | 129.6 
+1.9 (41.5 | 40.2 | 40.5 | +0.7 | 40.5 | 41.9 
70 ‘ 57 16 | 165.6 | 36.6) 3.4! 19.3] 79.5] 26.3 | 165.1 
+1.5 |+0.9 | 40.3 | 40.4 | 40.6) 40.4 | 41.4 
17 | wd of 1 | 14 | 110.5 | 21.7] 12.7] 22.3] 42.8] 10.4 | 109.9 
a.s.f.* +1.2 |+0.9 | 40.9 | 40.6 | 41.2 | 40.6 | 41.3 
23 oe o< 10 14 | 112.6 | 24.8) 14.2] 19.1] 43.3] 10.9} 111.3 
+2.4 [41.0 40.9 | 41.1 | 40.6 | 41.1 | 42.7 


* 1000 units of the antistiffness factor every other day during the whole course of 
the experiment. 
skim milk diet supplemented with the antistiffness factor (1000 units every 
other day). It will be noted that the distribution is essentially normal. 

The values for the distribution of acid-soluble phosphorus in the kidneys 
of the same animals are given in Table I]. Here the same trend as in the 
livers is apparent. The inorganic P, however, showed a greater increase 
during the deficiency. In contrast with the increase in the mercuric-in- 
soluble P found in the liver, this fraction remained constant during the 


deficiency disease. 
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Since it was shown that an abnormal distribution of the acid-soluble 
phosphorus could be prevented by the continued administration of the 
antistiffness factor, it was of interest to determine whether this factor 
could restore the abnormal distribution to normal. A group of fifteen 
guinea pigs was kept on the deficient diet for 7 weeks. During the last 
5 days of the experiment seven animals of this group received 1000 units 


TaBLe II 
Distribution of Acid-Soluble Phosphorus in Kidneys of Normal and Deficient 


Guine a Pigs 


Mean and S.£., mg. per 100 gm. 


No. of 
rime ites 
, vie dete int Pe atl 
Awe Diet on mine Total Enos Ez ily Alcohol- | Mercuri Aleoho! 
diet aci hydro- , Tne , Sum of 
tions sluble ganic lvasiile insoluble | insoluble’ soluble | ,° tior 
sO - € P y P i€ > P P rac ons 
s 
wk k . 
14 Stock 14 15 95.2 | 15.1 14.0 15.6 45.2 12.6 ; 102.5 
+0.2 |+0.1 +0.3 +0). 1 £0.60 t0.9 +1.7 
65 65 9 100.4 | 26.1 10.6 17.9 | 27.9 11.2; 93.7 


+2.0 '+1.2 | 40.5 t+0.9 > +1.0 ) +0.2 | +0.9 

14 Deficient l 15 95.8 26.6 7.8 S.5 $1.8 15.1 100.1 
+1.0 +0.1 | +0.1 +0.1 | +0.1 | +0.1 | 40.9 

l 5 

l 


15 - 2 15 107.8 | 27.9 3. 15.9 41.4 16. 104.8 
+0.9 +0.1 | +0. +0.1 +1.1 +0.1 | +1.9 

16 “ 3 1] 117.3 | 30.2 3.6 24.4 4).2 16.3 | 114.7 
+0.1 +0.1 +0). 1 +0.1 +0. 1 +0.1 +1.3 

20 9 7 Ss 112.6 | 32.6 3.3 20.1 10.6 16.1 | 112.7 
+2.9 +1.0; +0.1 +0.7 +0.3 | +0.9 | +1.9 

4] 28 11 129.3 | 50.0 3.6 16.8 44.7 11.3 | 126.4 
+3.5 2.5 | +0.3 +0.2 > +1.0 | +0.2 | +3.0 

70 st 57 16 153.2 | 65.3 2.3 17.6 43.4 19.2 | 147.8 
+2.2 2.0 | 40.2 | +0.2 | +0.9 | +0.4 | +2.9 

17 + i 14 112.0 | 27.1 11.9 16.6 43.4 14.2 | 113.2 
a.s.f.* +0.7 +0.6 |) +0.4 +0.6 | +0.9 | +0.4 +0.4 

23 _ a 10 14 103.9 | 26.2 10.8 15.7 39.9 11.1 | 104.2 
+0.8 (40.7 | 40.1 | 40.1 | 40.1 | 40.1 | 41.5 


* 1000 units of the antistiffness factor every other day during the whole course of 


the experiment. 


of the antistiffness factor per day. At the end of the 5 days all the animals 
were sacrificed and the distribution of acid-soluble phosphorus in the liver 
and kidneys determined. The results of this experiment are represented 
in Table III. 

From these it is clear that administration of the antistiffness factor to 
animals with a low easily hydrolyzable P results in a steep increase in this 
level, which is comparable te the equally sharp decrease during the onset 
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of the deficiency. This fraction returned to normal after the administration 
of 1000 units per day for the last 5 days of the experiment. The mercuric- 
insoluble P also returned to the normal level. 


Taste III 
Effect of ‘Cure’ with Antistiffness Factor on Distribution of Acid-Soluble Phosphorus 
in Liver and Kidneys of 20 Week-Old Deficient Guinea Pigs on Diet for 7 Weeks 


Mean and Ss.£., mg. per 100 gm. 





No. of —— a 
Diet determi-| Total | Easily | 4}, aw ee 
me | Sin rani abl insoluble) insoluble] soluble | ,Sum. of 
Liver | Deficient 8 | 118.9] 24.6) 4.9) 19.3 | 55.1 | 15.4 | 119.4 
+4.0 | 1.2 | £0.6 | +1.9 | +2.0 | 40.9 | 43.7 
| “ +] 7 | 110.6] 22.6] 13.2) 15.9] 44.7] 15.8 | 112.2 
| as.f.* +3.4 | +1.3| 40.8 | +0.7 | 40.9 | 40.9 | +1.9 
Kidneys | Deficient 8 112.6 | 32.6) 3.3| 20.1) 40.6) 16.1 | 112.7 
| +2.9 | +1.0 | 40.1 | 40.7 | 40.3 | 40.9 | 41.9 
“ +) 7 | 108.1) 24.0) 9.3 | 18.5] 39.7] 16.3 | 107.8 
a.s.f.* +2.9 | +0.1 | 40.5 | 41.8 | +0.1 6 


| +0.9 | +0. 


* 1000 units of the antistiffness factor for the last 5 days. 


TABLE IV 


Comparison between Distribution of Acid-Soluble Phosphorus in Liver and Kidneys of 
65 Week-Old Guinea Pigs on Stock Diet and Raw Milk Diet 


Mean and S.£., mg. per 100 gm. 





oe | SB eT a ee 

. ~ ptr el x Inor- ash'y | Alcohol-| *:*"©" | Alcohol-| Sum 
diet neem shabie -— Weable| — | soluble | — — 

wks 
Liver Stock 65 | 9 | 105.5) 18.9 | 16.6 | 17.9 | 45.5 | 10.6 |109.5 
+2.0/40.8 |42.0 |+0.8 |+0.7 [41.0 |42.2 
Raw milk 52 6 112.4) 22.6 | 11.3 | 18.3 | 43.1 | 14.9 (110.2 
+1.8)+1.2 +0.6 +0.7 +0.8 j+0.7 +1.1 
Kidneys | Stock 65 9 100.4) 26.1 | 10.6 | 17.9 | 27.9 | 11.2 | 93.7 
+2.0)41.2 (40.5 |+0.9 |41.0 |40.2 (40.9 
Raw milk 52 6 154.2) 79.3 2.4 | 19.1 | 49.1 | 11.5 |161.4 
2 |+0.5 |+0.9 +0.6 |+0.5 |41.1 


+1.1)+1. 





| 
| 
} 


It was noted previously by Wulzen that guinea pigs very rarely developed 
wrist stiffness when raised on raw milk. It was therefore of considerable 
interest to compare the distribution of the acid-soluble phosphorus in the 
livers and kidneys of raw milk-fed animals with that in the same organs 
of the old “stock’”’ animals. A small number of the animals on raw milk 
were available for the determination. The results are shown in Table IV. 








342 DISTRIBUTION OF ACID-SOLUBLE P 


The distribution of the acid-soluble P in the liver of these animals is com- 
parable to that in the livers of the stock animals. A somewhat higher in- 
organic P content may be accounted for by the high P content of the skim 
milk diet. There is, however, a large difference in the distribution of the 
acid-soluble P in the kidneys. Here the total P and the inorganic P were 
very high, while the easily hydrolyzable P has decreased to the low level 
of 2.4 mg. per 100 gm. 


DISCUSSION 


The interpretation of the changes in the distribution of the acid-soluble 
phosphorus in the liver and kidneys during the course of the deficiency is as 
yet difficult. The results indicate a derangement in the phosphorus metab- 
olism. The changes in the total P during the onset of the deficiency can 
be explained in the main by the opposing trends of the inorganic P on the 
one hand and of the last four fractions on the other. The inorganic P 
showed a constant increase during the deficiency. The most significant 
changes, however, occurred in the easily hydrolyzable P and the mercuric- 
insoluble P. These two fractions seem to be closely connected. The 
easily hydrolyzable P fraction represents about 67 per cent of the adenosine 
triphosphate plus 50 per cent of the adenosine diphosphate, while the mer- 
curic-insoluble P fraction accounts for all the stable nucleotide P. It is 
the first fraction which responded almost immediately to the lack of the 
antistiffness factor in the diet and which was the first one to return to nor- 
mal after this factor was administered. Rapoport (personal communication) 
has found that the changes in the easily hydrolyzable P during fasting in- 
deed reflect a changing mixture of nucleotides, adenylic acid increasing 
at the expense of adenosine triphosphate. It is, therefore, possible that the 
changes in the adenosine triphosphate and the adenosine diphosphate are of 
prominence during the deficiency, perhaps involving the whole metabolism 
of the purines. 

During this investigation it became apparent that the first noticeable 
outward symptom of the deficiency of the antistiffness factor, stiffness at 
the wrist joint, is not an essential feature in the early stages of the de- 
ficiency. Several animals did not show any wrist stiffness at all during 
the time limit of the experiment. The distribution of the acid-soluble 
phosphorus in these guinea pigs, however, was no different from that in 
“stiff” animals of the same experimental series. 


SUMMARY 


The distribution of the acid-soluble phosphorus in the liver and kidneys 
of guinea pigs on a stock diet and on a diet mainly composed of skim 
milk powder, supplemented with the known vitamins, has been determined. 
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The concentration of the easily hydrolyzable P in both organs was found 
to be very markedly decreased during the deficiency. The inorganic P 
showed a sharp increase in the liver and kidneys. The increase of the 
mercuric-insoluble P in the liver seemed to be correlated with the decrease 
in the easily hydrolyzable P. The total acid-soluble P also was increased 
during the deficiency. The distribution of the acid-soluble P in the 
kidneys during the deficiency showed the same trends except that there 
was no appreciable increase in the mercuric-insoluble P. The antistiffness 
factor will prevent an abnormal distribution of the acid-soluble P or restore 
it to normal after it has developed. A possible interpretation of the cause 
of the abnormal distribution of the acid-soluble P has been presented. 


The author wishes to express his sincere appreciation to Dr. Rosalind 
Wulzen who made this investigation possible. Thanks are also due to 
Anna May Freed, Leonard P. Zill, Clinton Ballou, and Phil Leveque for 
their fine cooperation. 
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A PRODUCT OF OXIDATIVE METABOLISM OF PYRIDOXINE, 
2-METHYL-3-HY DROX Y-4-CARBOXY-5-H Y DROXY- 
METHYLPYRIDINE (4-PYRIDOXIC ACID)* 


I. ISOLATION FROM URINE, STRUCTURE, AND SYNTHESIS 
By JESSE W. HUFFf ann WILLIAM A. PERLZWEIG 


(From the Department of Biochemistry, Duke University School of Medicine, Durham, 
North Carolina) 


(Received for publication, June 26, 1944) 


In 1941 Singal and Sydenstricker (1) published briefly the following 
observation: If human urine, collected after the ingestion of pyridoxine, 
was filtered through a zeolite column, a substance was adsorbed which 
could be eluted from the column with neutral 25 per cent KC! solution and 
transferred to an isobutanol extract; when illumined by ultraviolet light, 
the latter exhibited a characteristic fluorescence. This observation was 
recently confirmed in these laboratories (2), and some evidence was pre- 
sented that the substance in the urine responsible for this fluorescence is 
identical with an oxidation product of pyridoxine obtained by the action 
of permanganate on synthetic vitamin Bs. On the basis of certain analytic 
data, it was stated that the structure of this product is 2-methyl-3-hydroxy- 
4-carboxy-5-hydroxymethylpyridine (1) which can be transformed by 
heating with acid into the lactone form (II). 

In this communication there are presented the experimental details of 
the isolation of the urinary metabolite, the synthesis of the oxidation 
product of pyridoxine, and proof of its structure. Since the development 
of this work depended upon the use of a simple fluorometric technique 
for the identification and the quantitative estimation of the metabolite 
and of its derivative, a description of this technique is given first. In the 
description of the method the two fluorescent compounds are designated 
as the metabolite (1) and its lactone (II), although the proof of their struc- 
ture and identification are given in a later portion of the paper. 


EXPERIMENTAL 


Fluorometric Determination of Metabolite (1) and Lactone (II)—The 
fluorescence measurements were made in the Coleman model 12 electronic 


* Grants in aid of this investigation from the Nutrition Foundation, Inc., the John 
and Mary R. Markle Foundation, and the Duke University Research Council are 
gratefully acknowledged. The pyridoxine used in this study was generously donated 
by Merck and Company, Inc. A part of the work described in this paper was done 
under a contract, recommended by the Committee on Medical Research, between the 
Office of Scientific Research and Development and Duke University. 

t Nutrition Foundation, Inc., Fellow. 
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photofluorometer equipped with Filters Bl and PC1, employed for thio- 
chrome determinations; the galvanometer was set at 100 with a solution 
containing 0.3 y of quinine sulfate per ml. of 0.1 N H,SOQ,. The aqueous 
solutions were diluted to bring them within the range of the instrument 
and the reaction adjusted to pH 3 to 4 for the metabolite (I) usually with 
glacial acetic acid, and for the lactone (II) to pH 9 + 0.3 by the addition 
of solid sodium borate. Since the lactone form (II) gives a fluorescence 
intensity 25 times that of the metabolite (1) (see Table I and Fig. 1), the 
latter was determined preferably as the lactone, after being heated in 1.0 
~ HCl for 15 minutes at 100°. For urine, a convenient procedure is to heat 
1.00 ml. of urine with 9 ml. of 1:10 solution of concentrated HCl in a 
covered test-tube by immersion in boiling water for 15 minutes. After 
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cooling, the urine is diluted to a known volume in order to bring the reading 
within the range of the instrument. The solution in the cuvette is brought 
to pH 9 by the addition of solid sodium borate. The blank reading is 
obtained from a sample of unheated urine in the same dilution and at the 
same pH. With the instrument used in this study a convenient standard 
consisted of a solution containing 0.04 y of the lactone (II) per ml. of about 
1 per cent sodium borate solution. The standard is not stable at this pH 
and is made up as required from a stock solution containing 0.4 y per ml. 
in 0.1 N HC! solution. 

It is possible to measure quantitatively the fluorescent metabolite in 
urine as the lactone, after heating with acid, without partial isolation, 
because the effect of interfering pigments and of other fluorescing sub- 
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stances is virtually eliminated by the extent of the dilutions employed. 
Thus a 4 hour human urine collected after a 50 mg. dose of pyridoxine 
is diluted 500 to 1000 times for the fluorometric reading. A normal urine 
is diluted 100 to 200 times, depending on the volume. Quantitative data 
on the excretion of the metabolite under varying conditions will be given 
in a subsequent communication. 

Isolation of Metabolite (I) from Urine—A 24 hour urine was obtained 
from a normal individual who had ingested 1.25 gm. of pyridoxine hydro- 
chloride in 125 mg. portions hourly over a period of 10 hours. The urine 
was adjusted to pH 4.5 with acetic acid and passed through two 42 X 2.5 
em. columns of Decalso,' 60 to 80 mesh, previously washed with dilute 
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Fic. 1. pH-fluorescence curves. The ordinate represents the fluorescence in 
galvanometer divisions on the model 12 Coleman electronic photofluorometer. 
The broken line curve on the left is for aqueous solutions of compound (I) containing 
1.0 y per ml.; the urinary and synthetic compounds and also a sample of untreated 
urine are indicated by distinctive marks asshown. The solid line curve on the right 
is for aqueous solutions of compound (II), containing 0.04 y per ml.; the urinary and 
synthetic compounds are indicated by distinctive marks. 


acetic acid, 25 per cent KCl, and water until free from Cl-. The effective- 
ness of adsorption was checked by fluorescence measurements. When 
the zeolite was saturated in respect to the compound, the latter was eluted 
with neutral 25 per cent KCl, the columns wached, and the adsorption and 
elution processes repeated twice. The KCl eluates were evaporated almost 
to dryness in an air current on the steam bath. The large crystalline mass 
of KCl was repeatedly extracted with small amounts of warm 95 per cent 
ethanol; the ethanol was evaporated and the salt residue reextracted with 
small volumes of 95 per cent ethanol. This procedure was repeated several 
times until the final extract in 20 ml. of ethanol was free of the greater 
portion of the salt. This alcoholic solution which contained about 30 mg. 


' A zeolite obtained from The Permutit Company, 330 West 42nd Street, New York. 








348 OXIDATION PRODUCT OF PYRIDOXINE 


of compound (I) was evaporated to dryness and the residue dissolved in 
10 ml. of hot water. After the solution was cooled in an ice bath, the dark 
precipitate which appeared was separated by centrifugation, the super- 
natant fluid discarded, and the sediment extracted three times with 1.5 
ml. portions of 0.1 N KOH. The combined alkaline extracts were acidified 
with a small excess of 5 N HCl, at which point the compound precipitated 
in poorly defined crystalline form, which was filtered off. The precipitate 
was washed on the filter with small portions of cold water and 22 mg. of 
light brown material were obtained. Two recrystallizations from 3 ml. 
of hot pyridine yielded 10 mg. of a white crystalline product, m.p. 247-248 
(uncorrected, in a bath previously heated to 200°). 

Isolation of Lactone Form (II) of Metabolite from Urine—A 20 hour urine 
was collected from a normal individual who had ingested 1.0 gm. of vitamin 
Bs hydrochloride in 100 mg. portions over a period of 10 hours. The urine 
vas rendered 1 N acid with H,SO, and heated in a boiling water bath for 
} hour. This treatment converts the metabolite (I) into its lactone form 
(II). A fluorometric measurement at this point indicated that there were 
288 mg. of the lactone present. After being cooled and neutralized to pH 
5 to 6, the urine was evaporated to a mushy residue of about 60 ml. on the 
water bath in a current of air. The residue was extracted with two 100 
ml. portions of 95 per cent ethanol. The alcoholic extracts were evaporated 
almost to dryness and taken up in water to a volume of 40 ml. This dark 
solution was adjusted to pH 6.5, saturated with solid Na,SQ,, and placed 
in a continuous ether extractor for 48 hours. The ether extract at the end 
of this time contained 222 mg. of the 288 mg. of lactone estimated to be 
present in the original urine. The ether extract was evaporated to dryness 
and the residue washed twice with 5 ml. portions of cold (—5°) absolute 
ethanol to remove pigments. The washed residue was taken up in 23 ml. 
of 95 per cent ethanol, 0.5 volume of ether added, and the solution cooled 
in ice water. The resulting precipitate was washed once with 5 ml. of 
alcohol-ether mixture (2:1) and discarded. The alcohol-ether filtrate 
and washing were heated to remove the ether. The alcohol solution was 
then concentrated until crystallization began. At this point the solution 
was immediately placed in an ice-cold bath. After 1 hour, 170 mg. of light 
brown crystals were filtered off and washed with cold absolute ethanol. By 
rapid crystallization adsorption of urine pigments on the crystals was 
avoided. After three recrystallizations from 95 per cent ethanol, 72 mg. 
of the crystalline lactone were obtained, in long prisms, m.p. 263-265° 
(uncorrected, in a bath previously heated to 200°). 

Analysis*—C ,;H;O,;N: Calculated. C 58.18, H 4.24, N 8.48 

Found. “ 58.10, “ 4.38, “ 8.69 


? The elementary analyses reported in this paper were carried out in the Labora- 
tory of Microchemistry, Dr. Carl Tiedcke, New York. 
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Synthesis of Lactone Form (II) of Metabolite from Pyridoxine—To a 
solution of 600 mg. of vitamin Bs hydrochloride (Merck) in 20 ml. of water, 
there were added with me¢hanical stirring 45.5 ml. of 0.5 N barium per- 
manganate® at the rate of 0.3 ml. per minute. As indicated by a fluoro- 
metric measurement, this treatment produced 319 mg. of compound (II). 
The vield of the lactone is greatly reduced if the oxidation is carried out at a 
faster rate or more permanganate than indicated above is used. At the 
end of the oxidation, the MnO. was centrifuged off and washed five times 
with 5 ml. portions of hot water. The filtrate and washings which were at 
pH 6.2 were concentrated to about 15 to 20 ml. under reduced pressure and 
adjusted to pH 6.4. The solution was saturated with NasSO, and sub- 
jected to continuous ether extraction for 48 hours. The ether extract by 
fluorometric measurement. contained 300 mg. of the original 319 mg. esti- 
mated to be present after the oxidation. The ether extract was evaporated 
to dryness and the yellow residue dissolved in 35 ml. of hot (65°) 95 per cent 
ethanol, filtered, and the filtrate concentrated until crystallization began. 
The solution was immediately placed in an ice bath. After 1 hour, 240 
mg. of light vellow crystals were filtered off and washed with cold absolute 
ethanol. After two recrystallizations from 95 per cent ethanol, 155 mg. 
of the lactone (I1) were obtained, m.p. 263-—265° (uncorrected, in a bath 
previously heated to 200°); the mixed melting point with the urinary 
lactone was 263-265°. The crystals are well defined long prisms, as shown 
in Fig. 2, b. 


Analysis*?—C ,5H;O;N. Caleulated. C 58.18, H 4.24, N 8.48 
Found. “ $7.87, “ 447, “ 8.57 


Preparation of Compound (1) from Synthetic Lactone (11)—25 mg. of the 
synthetic lactone (II), prepared as above, in 3 ml. of 0.1 n KOH were 
gently boiled in a small beaker over a free flame for 12 minutes until the 
volume was reduced to about 0.5 ml. and cooled. A few drops of 5 n HCl 
were added to strong acidity. The compound precipitated out rapidly in 
a white mass and was filtered and washed free of salts and acid with ice- 
cold water. The product was recrystallized three times from 3 ml. of 
boiling pyridine to give 10 mg. of white whetstone and wedge-shaped 
crystals (Fig. 2, a), m.p. 247-248° (uncorrected, in a bath previously heated 
to 200°). This compound (1) may also be obtained by the direct oxidation 
of pyridoxine in a strongly acid (0.5 n HCl) solution with permanganate. 


* Presumably KMnQ, can be used. We employed the barium salt with the original 
intention of removing the cation later. This proved unnecessary. 
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However, under these conditions there are also produced small amounts of 

the lactone, and the separation of the two forms presents difficulties. 
The identification of the urinary with the synthetic products is based 

upon the melting points, quantitative fluorescence, and elementary analy- 

ses, summarized in Table I. In addition, the identity is further demon- 

strated by the coincidence of the pH-fluorescence curves shown in Fig. 1 

and also by the similar behavior in regard to the reversible reaction, 

H* 


Compound (I) ——=— compound (ID) 
OH- 


Properties and Structure of Metabolite—The metabolite is a white crystal- 
line solid having a melting point of 247—-248° (uncorrected). It is slightly 
soluble in water, alcohol, and pyridine. It is insoluble in ether and in 


2b oe ess Y 





Fic. 2,a Fic. 2,6 


Fig. 2. (a) Crystals of compound (1); (6) crystals of compound (II). X 790. 


aqueous acid solution but completely soluble in alkaline solution. It 
possesses two acidic groups, one a phenolic group and the other a carboxyl 
having pk values of 9.75 and 5.50 respectively, as is seen in the titration 
curve in Fig. 3. In aqueous solution under ultraviolet light it exhibits 
a characteristic blue fluorescence, the intensity of which follows a charac- 
teristic curve when plotted against the pH, as seen in Fig. 1, reaching a 
maximum at pH 3 to 4. The fluorescence disappears on reduction with 
hydrosulfite and is restored to the original intensity by oxidation with 
H.O.. The metabolite is adsorbed on zeolite from aqueous solutions at 
pH 4 to 5 and is eluted with 25 per cent KCl; n-butanol extracts of the 
neutral eluates yield the same characteristic blue fluorescence as was 
observed in aqueous solutions. The extraction into butanol is maximal 
at pH 6 to 7. Singal and Sydenstricker (1) originally observed a fluores- 
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cence appearing in isobutanol extracts of urine collected after doses of 
pyridoxine. These investigators apparently determined the minimal 
fluorescence in neutral butanol solution. However, the intensity is in- 
creased to a maximum if the butanol is acidified with a few drops of glacial 





TABLE | 
Comparison of Synthetic and Urinary Oxidation Products, Compounds (1) and (II) of 
Pyridoxine 
, M.p. of M.p. of M.p. of Fluorescence* Analysis of lactone (II) 
acid, com- bectene (ID) methyl : tots 
pound (1) ether (III) (I aD C H | N 
» oA , A 5 per cent | per cent | per cent 
Synthetic... 247-248 | 263-265 | 111-112 51 1300 | 57.87 | 4.47 | 8.57 
Urinary 247-248 | 263-265 | 111-112 51 1300 | 58.10 | 4.38 | 8.69 
Mixed m.p. 247-248 | 263-265 | 111-112 58.187, 4.24¢)| 8.487 


* The fluorescence is expressed in galvanometer divisions per microgram per ml. 
in the Coleman electronic photofluorometer with Filters Bl and PC1. 
+ Calculated. 
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Fic. 3. Titration curves of 0.026 mm of compounds (I) and (Il). For compar- 
ison the titration of 0.026 and 0.052 mm of HC! are also given. 


acetic acid. The metabolite (I) is stable to boiling with dilute alkali (1 N), 
but upon being heated with 0.5 Nn acid for 10 minutes is converted to com- 
pound (II), possessing also a blue fluorescence. In this case, however, the 
maximal intensity is at pH 8.6 to 10 compared to pH 3 to 4 for the original 
compound. The fluorescence intensity of compound (II) at its maximum 
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is 25 times greater than that of compound (I) at its respective maximum, 
and follows a well defined pH-fluorescence curve, as illustrated in Fig. 1. 
Compound (II) possesses one weakly acidic group with a pK value of 7.05, 
as shown in the titration curve in Fig.3. This compound when heated with 
alkali is reconverted into compound (1) with the neutralization of 1 equiva- 
lent of alkali. 

The structure of the metabolite (I) was determined by way of compound 
(II), since the latter form offered several distinct working advantages over 
the former. The lactone (II) is more readily obtainable from urine, it 
possesses greater solubility in water, and it exhibits a far greater fluores- 
cence intensity; thus the fate of the compound could be more readily fol- 
lowed quantitatively in the course of chemical reactions. 

An elementary analysis of compound (II) indicates an empirical formula 
of CsH;O;N, which corresponds to the lactone of 2-methyl-3-hydroxy- 
4-carboxy-5-hydroxymethylpyridine. The molecular weight of 165 was 
confirmed by titration (Fig. 3). 

Heating an aqueous solution of compound (II) with CNBr at 75° for 5 
minutes, cooling, and adding saturated aqueous aniline gave the charac- 
teristic yellow color produced by pyridine and its derivatives. This indi- 
cates the presence of pyridine nitrogen in its uncombined, tertiary state. 

Treatment of an aqueous solution of compound (II) with FeSO, gave no 
color reaction; thus the compound contained no a-COOH group in position 
2 (3). a-Picolinic acid under similar conditions gave a strong color reac- 
tion. Since compound (II) can be obtained by permanganate oxida- 
tion of pyridoxine which contains an a-methyl group, and since the FeSO, 
test was negative, indicating no —-COOH group in this position in com- 
pound (II), it was concluded that the methyl group had remained intact 
during the oxidation. 

That position 3 on the pyridine ring is occupied by a phenolic hydroxyl 
group is demonstrated by the following evidence. A potentiometric 
titration of the lactone (II) showed the presence of a weakly acidic group 
(pK, 7.05, Fig. 3); a strong FeCl; reaction for the phenolic group was 
obtained ; the compound yielded a methyl ether (m.p. 111—112°) upon treat- 
ment with diazomethane* which gave a negative test with FeCl;. Treat- 
ment of an alkaline solution of compound (II) with Gibbs’ 2,6-dichloro- 
quinonechloroimide reagent (5) gave the characteristic blue color. A 
positive color reaction was obtained when compound (II) was coupled with 
diazotized p-bromoaniline, indicating a 6-hydroxy group (6). 

Since compound (II) has a hydroxyl group in position 3, then position 6 
on the ring remains unsubstituted, as indicated by the positive color re- 
action with the 2,6-dichloroquinonechloroimide reagent. Gibbs (5) has 
shown that p-substituted phenols do not react with this reagent. 


‘The methyl ether was synthesized by a method described by Harris et al. (4) 
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The evidence presented indicates that the portion of the structure of 
compound (II), except for the groups occupying positions 4 and 5, is identi- 
cal with that of pyridoxine itself. The following experiment demonstrates 
conclusively that this is the case. Treatment of the lactone (II) with the 
diazomethane’ yielded its methyl ether (III), which, upon oxidation with 
neutral Ba(MnQ,)e, was converted into a dicarboxylic acid.’ The melting 
point was 207—208°, although it varied, depending upon the rate of heating. 
This compound gave a negative test for an a-COOH group (3) with ferrous 
sulfate, and a negative reaction for a phenolic group with ferric chloride. 
Titration of the compound with alkali resulted in the consumption of 2 
equivalents. The compound was heated at 130° with resorcinol and a few 
drops of concentrated H,SO, for a few minutes. When the mixture was 
made alkaline, a phthalein having a greenish yellow fluorescence was pro- 
duced, indicating that the two carboxyl groups are on adjacent carbon 
atoms (7). 2-Methyl-3-methoxy-4,5-dicarboxypyridine (IV) was pre- 
pared according to the method of Stiller et al. (6). The melting point of 
this compound (IV) was 205-206°, which also varied, depending upon rate 
of heating. The mixed melting point of the dicarboxylic acid (ITV) and the 
dicarboxylic acid as prepared above from the lactone (II) was 205-206°. 
The dicarboxylic acid derivative of the lactone (IT) is therefore 2-methyl- 
3-methoxy-4,5-dicarboxypyridine (IV) and thus proves that the portion 
of the structure of the lactone (II), other than the groups in positions 4 
and 5, is identical with that of pyridoxine. 

his leaves the two groups in positions 4 and 5 for consideration. The 
fact that compound (II) is an oxidation product of pyridoxine which con- 
tains —CH,OH groups in positions 4 and 5 simplified the problem some- 
what. 

The following reasoning is presented to show that positions 4 and 5 
in the metabolite (I) are occupied by a —COOH and a —CH,OH respec- 
tively, and that in compound (IT) a lactone ring exists between positions 4 
and 5. When compound (II) was heated with alkali, 1 equivalent was neu- 
tralized with the liberation of one —COOH group, as shown in the titration 
curve, Fig. 3. Scudi and collaborators (8) utilized the different behavior of 
the chloroimide indophenol reaction in the presence of veronal and borate 
buffers in the elucidation of the structure of several metabolites of 
pyridoxine. In this study it was found that compound (II) gave a positive 
reaction in the presence of both buffers, whereas compound (I) gave a 
positive reaction with veronal and a negative reaction with the borate 
buffer. 

These data indicate that position 4 is occupied by a —CH,OH group and 
position 5 bya —COOH groupor vice versa, and that in compound (IT) the 


‘The dicarboxylic acid was synthesized by a method described by Harris et al. 
(4). 
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group in position 4 is not free to form a boron complex. The group in 
position 4 is apparently closed in a lactone ring with the group in the 
adjacent 5 position, as shown by the saponification reaction with alkali 
as described above. The lactone (II) then has one of two possible struc- 
tures (II, IIa). It is either the lactone of a 4-hydroxymethyl-5-carboxy- 


0 
C—O CH,-O 
| 4 
H Be « 3 
CH, G cH 
N N 
(ID (IIa) 


pyridine derivative (IIa) or a 4-carboxy-5-hydroxymethylpyridine deriva- 
tive (II). The lactone (II) obtained from acid heated urine was compared 
as to melting point and quantitative fluorescence measurement with a 
sample of the lactone of 2-methyl-3-hydroxy-4-hydroxymethyl-5-carboxy- 
pyridine (IIa)* with the following results. Although the individual melting 
points of the two lactones were identical (263-265°, with decomposition), 
the mixed melting point was depressed to 225°. The fluorescence, though 
qualitatively similar, was considerably different quantitatively. It is thus 
apparent that the urinary lactone (II) is not a 4-hydroxymethyl-5-carboxy- 
pyridine derivative (Ila) but is the isomer, a 4-carboxy-5-hydroxymethyl- 
pyridine derivative (II). 

It is, therefore, deduced that compound (II) has the structure given in 
the preceding set of formulas and that the free acid compound (I) obtained 
from it by heating with alkali represents the structure of the metabolite 
occurring in human urine. 

That the oxidation product of pyridoxine is excreted in human urine in 
the form of the free acid (1) and not as a compound conjugated through the 
phenolic on hydroxymethyl group is shown by the exact coincidence of the 
pH-fluorescence curve (Fig. 1) measured in an untreated concentrated urine 
sample with that obtained from the crystalline compound isolated from the 
urine as above. Furthermore, when this urine was heated with acid, the 
increase in fluorescence, now measured at pH above 8.5, corresponded 
quantitatively with that observed on conversion of the synthetic acid (I) 
to the lactone (II). 

The occurrence of the oxidative metabolite (I) in the urine of men and 

* The sample was furnished through the kindness of Dr. K. Folkers of the Research 


Laboratories of Merck and Company, Inc. The compound was synthesized by 
Harris, Stiller, and Folkers (4) in their study on the structure of pyridoxine 
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of other species, as well as its relation to the other metabolite derivatives 
of pyridoxine, as described by Scudi and collaborators (8), will be discussed 
in a succeeding article. 


SUMMARY 


A fluorescent compound appearing in urine after the ingestion of pyri- 
doxine was isolated and identified as 2-methyl-3-hydroxy-4-carboxy-5- 
hydroxymethylpyridine (4-pyridoxie acid). Heating with mineral acid 
converts this compound into its lactone. The lactone was prepared syn- 
thetically from pyridoxine by oxidation with permanganate, and con- 
verted to the corresponding acid by heating with alkali. 

The metabolite and the lactone possess characteristic pH-fluorescence 
curves. Based upon this property, a general fluorometric method for the 
quantitative determination of either compound was developed. The ap- 
plication of the method to the direct estimation of the lactone in the urine 
is described. 

Addendum—After the completion of the above work the possible relation of the 
oxidative metabolite to the metabolite described by Snell, Guirard, and Williams 
(9) was clarified in the following manner. 

Samples of the acid (I) and of the lactone (II) were sent by us to Dr. E. E. Snell 
and were kindly tested by him for ‘‘vitamin B,’’ activity employing Streptococcus 
lactis R, Lactobacillus casei, and yeast. The results were as follows: The acid (I) 
showed almost no activity with any of these organisms. A sample of the lactone 
(II) prepared from the acid (I) used above was 0.24 as active as pyridoxine hydro- 
chloride for Streptococcus lactis, 0.02 as active for Lactobacillus casei, and 0.00025 
as active for yeast. Barring the possible production of small amounts of an active 
impurity during lactonization, the lactone (II) possesses only a very slight pseudo- 
pyridoxine activity. It is thus apparent that neither the acid (I) nor its lactone is 
identical with ‘‘pseudopyridoxine’’ as described by Snell and his collaborators. An 
aldehyde and an amine of pyridoxine, as recently synthesized by Harris, Heyl, and 
Folkers (10), were shown to possess pseudopyridoxine activity in microbiological 
assays by Snell (11). 
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LETTERS TO THE EDITORS 





A FUNCTION OF PYRIDOXAL 
Sirs: 


Previous work has shown that the rate of tyrosine decarboxylation by 
cell suspensions of Streptococcus faecalis is influenced by the concentration 
of pyridoxine added to the growth medium.' It has been found that auto- 
claving pyridoxine with cystine’ or treatment with dilute hydrogen perox- 
ide* enhances its growth-promoting activity for lactic acid bacteria, and 
both of these preparations have been shown to stimulate the rate of tyro- 
sine decarboxylation by cell suspensions harvested from media deficient in 
pyridoxine or its derivatives.‘ The present report deals with the activity 
of two synthetic compounds, pyridoxal and pyridoxamine,5 which were 
kindly supplied to us by Dr. E. E. Snell. 

Pyridoxal under the conditions used stimulates the tyrosine decarboxy- 
lase system of S. faecalis R, whereas pyridoxamine does not. 

Tyrosine decarboxylation was followed manometrically by determining 
the rate of CO, evolution. Each Warburg cup contained 0.5 ml. of m/30 
tyrosine suspension, 1 ml. of 0.075 m phthalate buffer, pH 5.0, and water or 
test substance to make 2.5 ml. The side arm contained 0.5 ml. of cell 
suspension (<= 0.24 mg. of bacterial nitrogen) in saline. The cells were 
harvested from the hydrolyzed gelatin medium,' which contains about 100 
mg. per cent of alanine and thus supports the growth of the R strain of S. 
faecalis without added pyridoxine.*® 

The Qco,N of 415 is approximately the maximum value which has been 
obtained with this culture; other enterococci studied have shown values as 
high as 2500. The stimulation of tyrosine decarboxylation occurred after 
the first 10 minute interval and the linear rate was maintained for at least 
2 hours. 


' Bellamy, W. D., and Gunsalus, I. C., J. Bact., 46, 573 (1943); J. Bact., in press. 

? Snell, E. E., Proc. Soc. Exp. Biol. and Med., 61, 356 (1942). 

* Carpenter, L. E., Elvehjem, C. A., and Strong, F. M., Proc. Soc. Exp. Biol. and 
Med., 64, 123 (1943). 

‘Gunsalus, I. C., and Bellamy, W. D., J. Bact., 47, 413 (1944); J. Biol. Chem., 
in press. 

5 Snell, E. E., J. Biol. Chem., 164, 313 (1944). 

* Snell, E. E., and Guirard, B. E., Proc. Nat. Acad. Sc., 29, 66 (1943). 
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Tyrosine Decarboxylation by Streptococcus faecalis R* 


Pyridoxal CO: evolved 2co,N 

y per 3 mi microliters per hr. 
0.0 5 20 
0.02 12 50 
0.04 23 96 
0.06 32 137 
0.1 45 188 
0.3 85 355 
0.6 90 375 
3.0 100 415 


* A. T. C. No. 8043 under the name Streptococcus lactis R. 


The dissociation constant of the pyridoxal-tyrosine decarboxylase enzyme 
may be approximated from the above data if one makes the usual assump- 
tions that only the combined form is catalytic, and that the amount of com- 
bined pyridoxal is small in proportion to the total amount present. The 
dissociation constant 


_  (pyridoxal)(uncombined protein) (c)( Vmax. — v) 
z (pyridoxal-protein) _— v 
where Vmax. is the maximum reaction velocity of the system studied and c 
and v are respectively the concentration of pyridoxal and the corresponding 
rate of CO, evolution from the accompanying table. When the equation 
for the dissociation constant is rearranged in one of the linear forms,’ as 
1/v = 1/e K/ Vmax. + 1/Vmax, and the data plotted, one obtains a Vinax, of 
105 and a Key pers mi.) Of 0.15. As the molecular weight of pyridoxal is 
168, the dissociation constant K is 0.15/(3 K 1000 X 168) = 3 X 10-7 mole 
per liter. The relatively low dissociation constant indicates that only a small 
amount of pyridoxal should be required in cells for optimum function of this 


system. 

Laboratory of Bacteriology I. C. GuNSALUS 
College of Agriculture W. D. Beviamy 
Cornell University 
Ithaca 
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7 Lineweaver, H., and Burk, D., J. Am. Chem. Soc., 56, 658 (1934). 








THE STRUCTURE OF ASPERGILLIC ACID 
Sirs: 


Aspergillic acid is an antibiotic agent which was isolated by White 
and Hill’? from a strain of Aspergillus flavus. Though the production 
and antibacterial properties of this substance have been studied if de- 
tail,?* only a few chemical data have so far been recorded.‘ In the present 
communication we briefly present the results of further chemical work, and 
our conclusions regarding the structure of this compound. 

Aspergillic acid, m.p. 93°, CigHa0O2Na, is a monobasic acid (pK 5.5), 
which also possesses a weakly basic group (hydrochloride, m.p. 178°). It 
forms a highly characteristic grass-green cupric salt melting at 198°. A 
methanolic solution yields a deep red coloration on the addition of a drop 
of ferric chloride solution. That these properties are associated with an 
acidic hydroxyl group was shown by the conversion of aspergillic acid, 
either by dry distillation in the presence of copper chromite catalyst or by 
reduction with hydrazine, into an essentially neutral desoxy compound, 
Ci2H20ONs, (m.p. 100°). Since the above reactions are typical for hydroxa- 
mic acids, the presence of the grouping —N(OH)-CO— was suspected. 

Both aspergillic acid and the desoxy compound show a well defined single 
maximum at 325 mu (e = 8500) in their ultraviolet absorption spectrum. 
They are both optically active (fa], = +13° and +10°, respectively, in 
ethanol). They exhibit remarkable stability towards acidic and alkaline 
hydrolytic agents and are indifferent to neutral potassium permanganate 
solution. These properties, coupled with the additional facts cited later, 
suggested the presence of an a-pyrazone nucleus, with substituent alkyl 
groups carrying the asymmetric carbon atom (or atoms). With the aid 
of biogenetic considerations the accompanying stractures for aspergillic 
acid (I) and desoxyaspergillic acid (II) were formulated. 

These formulas receive support from the following findings: (1) The 
ultraviolet absorption spectrum of a-pyrazone exhibited a maximum at 
315 mu (e = 4500). (2) Aspergillic acid, as well as the desoxy com- 
pound, is reduced by zinc in acetic acid to a tetrahydrodesoxy derivative, 
CysHxON:, isolated as the hydrochloride (m.p. 260°). (3) Aspergillic 
acid can be brominated in aqueous acid media to a monobromoaspergillic 
acid, Cy;H;»O.N2Br, (m.p. 129°) which still exhibits the typical reactions 
for hydroxamic acids. Similarly, desoxyaspergillic acid yields a mono- 
bromo derivative CyH»wON,Br (m.p. 130°). The alkali stability of these 


1 White, E. C., Science, 92, 127 (1940). 

2 White, E. C., and Hill, J. H., J. Bact., 46, 433 (1943). 

* Jones, H., Rake, G., and Hamre, D., J. Bact., 46, 461 (1943). 

‘ Menzel, A. E. O., Wintersteiner, O., and Rake, G., J. Bact., 46, 109 (1943). 
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bromo compounds indicates substitution in the nucleus; 7.e., in the 5-posi- 
tion. (4) In 50 per cent acid solution desoxyaspergillic acid is oxidized 
by bromine to a quinone-like compound (C;,:Hs0,N2, m.p. 270°, ultraviolet 
maximum at 285 my, ¢ = 22,200). The latter on catalytic hydrogenation 
absorbs 2 moles of hydrogen and is thereby transformed into a neutral, 
optically active substance, CyH»2O,N. (m.p. 250-252°, with sublimation), 
which possesses the typical properties of a diketopiperazine. Racemic 
isoleucine anhydride prepared from di-isoleucine melted at 257° and was 
indistinguishable from Compound III in appearance and solubility proper- 
ties. Conclusive identification is rendered difficult because (III) may 
represent only one of the four stereoisomers of isoleucine anhydride. 
Unfortunately this diketopiperazine is extremely resistant to hydrolysis. 
However, further structural evidence was adduced by the reduction of 
aspergillic acid with sodium and amy] alcohol to an optically active pipera- 
zine base, Ci,H»N: (nitrate, m.p. 222°). The corresponding racemic base 
was obtained by the same reaction from synthetic isoleucine anhydride. 
Comparison of several derivatives (picrate, nitrate, dibenzoate, nitroso 
compound) left little doubt as to the structural identity of the two com- 
pounds. 
Division of Organic Chemistry J. D. Dutcner 

The Squibb Institute for Medical Research O. WINTERSTEINER 

New Brunswick 
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* Ehrlich, F., Ber. chem. Ges., 40, 2550 (1907). 














FOLIC ACID IN COTTON 
Strs: 

In the determination of folic acid by means of the metabolism of Lacto- 
bacillus casei ¢, it was observed that duplicate tubes frequently produced 
widely varying amounts of acid. The extraction of inhibitory or stimula- 
tory substances from the cotton plugs was suspected. An aqueous extract 
of the cotton used for plugging the tubes was tested together with suitable 
controls, and full growth of L. casei « as measured by acid production was 
obtained in tubes which contained little or no added folic acid.' Assays 
on aqueous extracts of weighed amounts of cotton indicated that two 
samples of absorbent cotton contained less than 0.00027 y per gm., while 
the third sample (non-absorbent cotton) contained at least 100 times as 
much of the growth activator. The non-absorbent cotton used showed 
particles which appeared to be fragments of bolls or seeds. Hence intact 
bolls? of Upland cotton were obtained; the fiber, seeds, and bolls were 
separated, and ground, weighed, and extracted with 20 volumes of boiled 
distilled water for 2 hours at 37°. Assays of these extracts indicated that 
the fiber contained approximately 0.028 y per gm., the bolls approximately 
0.5 y per gm., and the seeds 0.75 y per gm. Extracts of seeds obtained 
from other sources’ were remarkably uniform, containing 0.8 to 1.2 y 
of active substance per gm. of raw material. 

That the growth-stimulatory substance in the crude extracts is folic 
acid is attested by the following data. (1) It stimulates the growth of 
both Streptococcus lactis R and Lactobacillus casei ¢ in folic acid-free media. 
(2) It is water-soluble, but relatively insoluble, at least in the crude state, 
in ethyl ether, ethyl alcohol, acetone, benzene, chloroform, and pyridine. 
(3) It is destroyed by methods known to destroy folic acid. 

Acid hydrolysis (autoclaving in 1 N sulfuric acid) destroyed 99 per cent. 

Treatment with glacial acetic acid failed to destroy the material, but 
reduction with zine in the presence of glacial acetic acid destroyed 37 
per cent. 

Oxidation with 1 per cent hydrogen peroxide destroyed 34 per cent 
activity. 

‘ We are indebted to Dr. R. J. Williams, The University of Texas, for the sample of 


folic acid used. 

* The bolls were received from Arthur Mosby, Memphis, Tennessee, through the 
kindness of the Lockport Cotton Batting Company. 

*T. L. Carter, Sr., Tutwiler, Mississippi. 

‘ Lockport Cotton Batting Company, Lockport, New York. 
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Further experiments dealing with the age of the cotton plant, the source 
of the material in relation to the folic acid content, and simple methods 
of concentration are in progress. 

Marion B. SHERWOOD 


Wellcome Research Laboratories 
EILEEN D. SINGER 


Tuckahoe, New York 
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